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Steel fibres are commonly used in the refractory industry to 
reinforce high temperature concretes, though limited infonnation is 
available on the mechanical properties of steel fibre refractor~es. 
This research has examined the influence of fibre geometry, fibre 
alloy =mposi tion and fibre content of stainless steel melt extract 
fibres on the performance of a proprietary 1400°C medium duty 
calcium aluminate bonded castable. It has also examined whether it 
is necessary to obtain flexural and toughness measurements at 
temperature in order to properly evaluate the perfonnance of fibre 
reinforement or whether it is possible to obtain meaningful results 
from a much simpler room temperature test. 
The =nstruction of a simple insulating box allowed flexural tests 
to be carried out at temperature in a standard testing machine, 
after the specimen having been cyclically heated and cooled in a 
purpose-built spalling resistance furnace. Whilst testing hot is a 
better model of service conditions, testing at room temperature 
after cyclic =nditioning is clearly easier. The research has shown 
that =ld testing overestimates flexural strength and underestimates 
toughness, though the relationships with aspect ratio are similar, 
flexural strength and toughness increasing with aspect ratio at both 
test temperatures. For flexural strengthening, an aspect ratio of 
around 60 would appear to be a sensible choice. However, if 
improvements in toughness are taken to be a better indicator of 
refractory spalling resistance, the results suggest that a fibre 
aspect ratio of around 80 is more appropriate. Above these aspect 
ratios the ~mprovements in perfonnance are small and the likelihood 
of problems in mixing and placing increases. 
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Investigation on the effect of fibre content showed that flexural 
and toughness strength increased with an increased content of melt 
extract fibre reinforcement in the 1400°C castable. Typically, at 
8% fibre content, hot flexural strength increases were 100%, 118% 
and 130% for 310/25, 310/55 and 310/50 mm fibres reSpectively. The 
influence of fibre length at constant aspect ratio was investigated 
using 25, 35 and 50 mm long 310 grade fibres. The 35 mm long fibre 
proved to be slightly more effective than the 25 mm fibre, whilst 
with the 50 mm long fibre, the improvements in performance were 
small. This was probably due to the increased mixing and placing 
problems. 
Finally, the influence of fibre alloy composition was investigated 
by using two fibre types: AISI 310 (24-26% Cr and 19-22% Ni) and 
AISI 446 (23-27% Cr and 0% Ni). Fibres of both alloy compositions 
caused flexural and toughness strength to increase with increased 
aspect ratio. Fibres from AISI 446 grade seemed to perform well up 
to an aspect ratio around 55. However, fibres of grade 310 can 
apparently be considered more effective at higher aspect ratios. 
iii 
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1.1 A NEED FOR 'lHIS RESEAROI 
Refractory concretes usually fail as a result of the cracking 
induced first by drying shrinkage and then by the thennal stresses 
en=untered in service. These stresses are in particular due to the 
differential thermal expansion of steel anchorages, mesh or hex-mesh 
reinforcement within the refractory and the thermal gradients 
experienced in hot/=ld face =nditions. 
By removing the need for mesh reinforcement, steel fibres 
immediately relieve the refractory of one source of stress. 
The primary reason for using steel fibres in refractory concrete is 
not to increase its strength, but to extend its service life through 
improved resistance to thermal cycling, thermal shock, and 
mechanical abuse. Consequently, measurements of flexural strengths 
alone are not sufficient to evaluate the performance of steel fibre 
refractory =ncrete. 
Of more importance than the fired flexura1 strength is the 
resistance of the material to thermal and mechanical degradation, 
and this can perhaps be best assessed by some form of toughness 
test. Although steel fibres are already used in refractory 
concrete, very little published information is available on the 
selection of the most appropriate steel alloy composition, fibre 
geometry and fibre =ntent for specific applications1' 2,3. Suppliers 
1 
and users of fibre reinforced refractories have found, within the 
relatively short life span of these materials, that the 'standard' 
fibre sizes and grades are cost effective, and little effort has 
been put into optimizing the composite's performance. The industry 
is also naturally secretive about information that it has obtained 
in the field. 
The lack of test data can further be attributed to the absence of 
suitable standard test methods for fibre reinforced monolithic 
refractories. Even the standards for unreinforced refractory 
concrete are in many cases still related to those for refractory 
brick4,5. This problem has been addressed by Wooldridge and Easton6 
who proposed that specimens must be realistically conditioned before 
testing, by cyclic heating and oooling one face, to cause spalling 
by a fluctuating thermal gradient similar to that found in seiVic:~. 
They tested their conditioned specimens in flexure at room 
temperature to obtain a modulus of rupture. Austin and Robins7 ' 8 
experimented further with cyclic oondi tioning and . suggested that a 
toughness parameter was a more meaningful measure of refractory 
performance than flexural test, and they determined toughness 
indices from a room temperature flexture test, in addition to 
flexural strengths. Lankard1 argued that flexure specimens should 
be tested at SeiVice temperature but did not condition specimens by 
cyclic heating. 
1. 2 CI3JOCTIVES 
Stainless steel fibres have already proved very successful in the 
iron and steel, non-ferrous, petrochemical and rock products 
industries by prolonging the service life of refractory 
concretes9,l0,11. Melt extract, drawn wire and slit sheet steel 
2 
fibre types have been used to reinforce cast, sprayed and moulded 
concretes. The melt extract fibre is currently best suited to the 
refractory market because of the range of alloy compositions 
available and its relatively low cost compared with those produced 
from wire or sheet materials. 
The main aim of this research is to investigate the influence of 
fibre geometry (aspect ratio, diameter and length at constant aspect 
ratio), fibre type and fibre content of stainless steel melt extract 
fibres on the performance of a proprietary 1400°c medium duty 
calcium aluminate bonded castable. The work also examines whether 
it is necessary to obtain flexural and toughness measurements at 
temperature in order to properly evaluate the performance of fibre 
reinforced refractories or whether it is possible to obtain 
meaningful reSUlts from a much simpler room temperature test. 
The principal test specimen was a beam for flexural and toughness 
testing. The beams were cyclically heated and cooled in a purpose-
built spalling resistance furnace, before being tested either at 
elevated or room temperature. 
1.3 <XM'ENl' 
This research on fibre reinforced concrete comprises eleven 
chapters, beginning with Chapter 1, which represents an introduction 
to this work. Chapter 2 gives a general review of the different 
types of steel fibres used to reinforce refractory concretes. This 
includes the physical properties and specification of steel fibres. 
Following this, a brief discussion about melt extract steel fibres 
and their industrial production is reported. 
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Chapter 3 deals essentially with specific gravities, geometrical 
characteristics and other related properties which were determined 
throughout this research, while Olapters 4 and 5 contain a general 
review of the conventional materials, followed by guidelines on the 
past work done on steel fibre refractories. Test methods for 
assessing the mechanical properties of the fibre reinforced concrete 
and in particular the resistance to thermal shock and mechanical 
abuse are discussed in the latter chapter. 
Chapter 6 represents an introduction to the laboratory test 
programme and its objectives together with descriptions of the 
materials used in this research, specimen preparation and 
conditioning and test methods. Preliminary tests on the spalling 
furnace are reported in Chapter 7. 
Chapter 8 contains the results and the discussion of the influence 
of fibre geometry (length, cross-section and aspect ratio) on the 
performance of a 1400°C dense castable. The relationship between 
fibre geometry and both strength and toughness are established in 
this chapter. 
The influence of fibre content on both strength and toughness is 
reported in Chapter 9, whilst Chapter 10 examines the effect of 
fibre types on such properties. The last chapter of this thesis 
has been reserved for some conclusions and recommendations for 
future research. 
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2.1 lNI'RrnUCI'ICN 
OlAl'TER 2 
STEEL FIBRES 
Fibres have been produced from steel, plastic, glass and natural 
materials in various shapes and sizes. They are added to concrete 
not only to improve most of the existing properties but to create a 
new material which can be successfully used for building and 
industrial purposes. 
During the past twenty-six years, the properties and potential 
applications of a variety of fibre reinforced cements and concretes 
have been extensively studied throughout the world. 
Researchers are generally agreed that the most desirable fibre 
characteristics are those that will induce, with the highest 
possible efficiency, substantial increases in the composite's 
strength and toughness in the short and long term. 
In this chapter, an idea about the history of using steel fibres in 
concrete is giv~ Physical properties and specification of steel 
fibres is discussed. The industrial production of these fibres, in 
particular melt extract fibres, is briefly explained. Thus it can 
be said that this chapter represents a background to the main point 
of this research which is based on the performance of melt extract 
fibres in refractory concretes. 
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2.2 HIS'IORY OF STEEL FIBRES FOR a:NClmTE REINFORCEMENI' 
Historically there is no confirmation when the concept of fibre 
reinforcement was first used in building materials. However, a deep 
analysis of this concept indicates that this idea is old and 
intuitive. A=rcling to Exodus 5:6 Egyptians used straw to reinforce 
mud bricks1. There is also evidence that asbestos fibre was used to 
reinforce clay posts about 5000 years ago1. In other sources2,3 it 
has been pointed out that straws were used to reinforce sunbaked 
bricks; horse hair was also used to reinforce plaster, while 
asbestos fibres have been used to reinforce Portland cement. This 
fact has been confinned by M. Braun et a14 who pointed out that the 
first fibre reinforced materials were man-made by mixing straw, or 
similar products, into building materials or mortsrs. Timber framed 
houses are known in which such building materials ·made of clay and 
straw have kept for centuries without spalling and cracking, 
a=rcling to the last source4. 
At the end of the 19th century, artificial fibrous materials started 
to become popular: thin-walled component parts made of the so 
called "Fe=-cement" were reinforced with fine-meshed wire gauze in 
order to improve their mechanical and thermal properties. Since 
then, numerous fibrous materials have been used or tried out in 
various fields. 
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'!he real development of fibre reinforced =ncrete can be ascribed to 
Joseph Lambot2. His patent in 1847 suggested the addition to 
=ncrete of =ntinuous fibres in the fonn of wires or wire meshes to 
create a new building material. Thirty years later, A. Bernard from 
california managed to create an artificial stone by the addition of 
granular waste iron to a concrete mix2• In 1910, a series of 
experiments for strengthening concrete by the inclusion of short 
fibres were carried out by Porter5 and he concluded that the 
inclusion of cut nails into concrete increases the tensile and 
crushing strength of =ncrete. In the following year Graham6 filed 
the first USA patent of steel fibre concrete (SFC) in which he 
described the use of steel slivers or shavings as a reinforcing 
mechanism. A second USA patent on this subject was taken by 
Weakley7, in 1912 (Figure 2.la). In 1914 the first British patent 
was taken out by William Fickley8 for the inclusion of various 
tortuous shaped pieces of metal reinforcement into concrete. He 
claimed that toughness and wearing resistance were increased but 
there were no improvements in the tensile and compressive strength 
of concrete. In contrast to Fickley's claim, Alfsen2 pointed out 
that the tensile strength of concrete can be improved by the 
addition of small longitudinal bodies (fibres) of iron, wood or 
other materials to the concrete. In 1920 the first German patent 
was taken out by Kleilogel2. He mixed a relatively large volume of 
iron particles with concrete. The result of this mix was a mass 
capable of being chilled, turned, sawn and filed similarly to an 
iron mass. Seven years later (1927) two patents of steel fibre 
concrete were taken out by Smith9 (Figure 2.1a) and Martin10 in the 
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USA. The holder of the first patent used flat twisted pieces of 
wire in order to produce a ferro-concrete construction, while the 
latter holder used plain or crimped pieces of steel wire to 
strengthen concrete pipes (Figure 2.lb). Some twelve years later 
Zitkevic11 obtained a British patent for an improved reinforced 
concrete. He used iron wire fibres approximately 100 mm long and 
1.00 mm in diameter which were very similar to the steel fibre in 
concretes of today, and he claimed increases in the compressive, 
tensile and shear strength of concrete. By the 1940's a wide 
variety of possible improvements in the performance of concrete by 
steel fibre inclusion had been recognised and the scene was set for 
a thorough research effort into this new composite material. 
By the 1960's further advance was made in the development and the 
application of the material. A series of patents were taken out, 
both in Britain and the United States, by the Battelle Development 
Corporation12. These patents were based on using sh::lrt steel wires 
as reinforcement. Improvements were claimed in the tensile 
strength, energy absorption and spalling resistance under sudden 
application of heat and high energy absorption. In 1963, two papers 
were published by Romualdi and Batson13, 14 in which details were 
given of the theoretical analysis upon which claims made j_n the 
Battelle patents were founded together with experimental data 
obtained- from bending tests. 
In the following years, many papers were published by Romualdi et 
all5, 16 in addition to a series of patents taken out by the Battelle 
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Development Corporation17, 18. It was not until 1970 that the 
refractory industry began using stainless steel fibres for castable 
reinforcement mainly in the USA and Japan4• TI1e first fibres used 
were type 310 stainless steel, cut from hard drawn wire. The first 
· paper on this concept may be the one which was published by Lankard 
and Sheets19 in which they claimed that incorporation of 1 to 2 vol% 
of wire fibres in refractory castables provides a significant 
improvement in flexural and compressive strength and enables the 
material to sustain considerable stress even after complete failure 
of the castable matrix has occurred. During the following years many 
papers were published20- 28, all aiming to ensure that fibre 
reinforcement technology can be transferred from concrete to 
castable with success. However, with the high cost of stainless 
drawn wire the market for fibre reinforced castables was limit~ 
'lllerefore the need for a more economical fibre than draw wire became 
apparent. The slit sheet fibre was developed as a cheaper 
alternative to the use of chopped drawn wire. These fibres are 
sliced from steel sheet and are rectangular in cross-section. They 
are sometimes deformed with indentations, crimps or hooks similar to 
drawn wire. However, the cost problem was not solved until the 
newest and most revolutionary development in steel fibre technology 
- melt extraction - was pioneered in the early seventies, primarily 
by R.E. Maringer and C.E. Mobley. In 1971, the Ribbon Technology 
Corporation (RIBTEC) was formed to research and develop full scale 
industrial production of melt extract fibre for refractory and civil 
applications. Three years later, this company was marketing 
stainless steel fibres throughout the United States. From that time 
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many other companies were involved in producing melt fibres. 
Austin29 has mentioned in his work that in 1982 there were 14 
companies manufacturing steel fibre under Battelle's licence, 
including Ribbon Technology (USA), Fibre Technology (UK), Bekaert 
(USA and Holland), National Standard (USA) and Mitchell Fibercon 
(USA). He reported also that Japan is the only country to obtain 
the Battelle patents outright and a total of seven companies are 
producing steel fibres there by the slit steel, machining and melt 
extraction process. 
2.3 PHYSICAL PROPERriES AND SPEX::IFICATICN OF STEEL FIBRES 
During the past two decades, many fibre types have been increasingly 
used in several applications (Figure 2.2). The choice of the fibre 
type is generally limited to those which have high modulus, and 
which can be mixed successfully with cement or concrete to produce 
desirable materials. Steel fibres, however, fulfil these 
requirements and have proved to be the most usable in the concrete 
field. 
Fibre length, shape of cross-section, tensile strength, ductility 
and bond are the main factors =ntrolling the performance of steel 
fibres in the =ncrete. The first two parameters (fibre length and 
shape of cross-section) affect the properties of the =mposite and 
control the behaviour of fibre in the bulk and the wet matrix, while 
tensile and bond strength control the performance of the concrete 
under load. 
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Although steel fibres are already widely used in numerous fields, 
only some Japanese standards30 in addition to an ASTM 
specification31 has been produced. 
2.3.1 Fi~ r~ 
Fibre length is usually denoted as L. However, fibres are now 
produced in many different forms including crimped, hooked fibres. 
Therefore fibre can have a nominal length denoted as Lu· This length 
is the final length after deformation is used. Some examples of 
steel fibre g80metry are presented in Figure 2.3. 
2. 3. 2 Fibre Cross-secticn 
Steel fibres are usually described by the diameter d. This is due 
to the fact that the original steel fibres were cut from wires, but 
with the advent of rectangular, deformed and melt fibres, 
researchers in this field have used an equivalent diameter. 
The equivalent diameter de is the diameter of a circle with an area 
equal to the cross-sectional area of the fibre. It can be 
calculated from the fibre cross-sectional area, At• i.e. 
d=E 
e " 
(2.1) 
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2.3.3 Fibre Aspect Ratio 
Aspect ratio is usually denoted as A. It is dimensionless and 
defined as 
According to the ASTM specification31, however, nominal aspect 
ratio An can be established as: 
or 
in the case of deformed cold-drawn wire fibres, or as: 
1 1;14A/11 = a:: 
e 
(2.2) 
(2.3) 
(2.4) 
in the case of cut sheet fibres. Al.so, r=inal aspect ratio (An) can 
be computed as: 
(2.5) 
in the case of deformed cut sheet fibres, or as: 
1 
a;:; (2.6) 
in the case of melt-extracted or other fibres. 
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2.3.4 Fibre Tensile SLLengUt 
The ultimate tensile strength of steel fibres is based on the actual 
or nominal cross-sectional area and is denoted as F fu• 
Measured values of tensile strength on individual fibres have varied 
from 295 MN/m2 to 2367 MN/m2 32, the lowest tensile strengths being 
obSeJ:ved on duoformed wires. 
It is important to mention here that the ASTM specification31 
recommends a minimum of ten fibre tensile tests per five tons of 
material and that the average strength is not less than 345 MN/m2. 
In addition,. as was recommended by this specification, no individual 
fibres should have a strength less than 310 MN/m2. 
2.3.5 Fibre Shape 
A great variety of fibre shapes and lengths are available depending 
on the manufacturing process. Cross-sectional shapes include: 
circular (from drawn wire), rectangular (from slit sheet), and 
kidney-shaped (from the melt extract process) and mechanically 
deformed in various ways to improve the bond strength33. Figure 2.4 
shows different shapes widely used to reinforce the concrete. 
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2.3.6 Fibre Ductility 
This parameter is of less importance when referring to drawn wire 
fibres which pull out under load due to their high tensile strength 
and relatively low anchorage bond. Where fibres break, however, 
their elongation prior to failure (i.e. whilst yielding) will affect 
the performance of the composite material. This ductility may be 
assessed as percentage elorqation from tensile test or perhaps more 
conveniently from a bend test29. 
2. 3. 7 Fibre Anctx:lrage l3c:nd 
One of the most frequent factors influencing the properties of a 
fibre reinforced material is the fibre anchorage bend. This can be 
separated into three components - adhesion bend, frictional bend and 
mechanical interlock. A number of methods designed to investigate 
these components have been carried out by researchers34. 
However, the first two components cannot develop anything like the 
stress required to fracture drawn wire fibres and hence 
manufacturers have attempted to improve performance by creating 
mechanical interlock with indentation, crimps or hcoks. 
In addition to mechanically deforming the wire, various chemical and 
physical treatments have been tried in an attempt to improve the 
wire surface characteristics with respect to bonding with cement 
paste35, 36. These treatments have included degreasing, surface 
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roughening, and surface =atings, but even though the bond and pull-
out load of single wires can be =nsiderably improved, the strength 
increases obtained by including treated wires in =ncrete are much 
less pronounced. 
2. 4 MELT EXTRACl' FIBRES 
2.4.1 Introducticn 
The melt extract process, which was introduced first by the Ribbon 
Technology Corporation in the USA in 1975, undoubtedly held the key 
to the future development of SFRC. This could be due to the fact 
that unlike the slit sheet or wire drawing process, the melt extract 
process is capable of producing fibre from scrap steel in many 
forms. Therefore through the use of this new production technique 
fibre markets in many =untries were offered stainless steel fibres 
at a price which made fibre reinforced =ncrete cost effective over 
a wider range of applications than had previously been possible with 
slit sheet or drawn wire fibres. 
2.4.2 M3lt Elct:ract Process 
Basically, melt extraction utilises a notched multi-edged extraction 
wheel (Figure 2.5) which just touches the surface of a molten pool 
of metal. In the schematic diagram (Figure 2.6) it can. be seen that 
a thin film of liquid is dragged up on the edge and solidifies by 
heat =nduction onto the wheel. As =ntraction occurs, the fibre is 
released from the wheel and thrown out of the extraction area 
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-------------------------------------------------------------, 
(Figure 2.7). Fibre length and =ss-sectional area are dictated by 
the geometry of the notch, the spacing of the notches around tho= 
periphery of the wheel and the depth of immersion of the spinning 
edge. This technique, which was first developed by Maringer, Mobley 
et al37•38 is currently commercially exploited in the UK by Fibre 
Technology Ltd (UK) where about 600 tonnes of stainless steel fibre 
are produced per year. 
According to Wood's version39, this technique is not readily 
adaptable for making sheet or very fine fibres and typical diameters 
are around 17.0-500 IJill. 
In laboratory work it is more common to extract from a molten 
pendant located above the wheel than from a bath below. A rod of 
material is suspended immediately above the wheel edge and its tip 
melted by either a small RF induction coil or a laser. The former 
technique was used by Austin29 to produce a variety of stainless 
steel filam<".nts for hot corrosion tests. The wheel may be vee-shaped 
to produce filament or flat to produce ribbon. 
2.4.3 Industrial Production of ~It Extract Fibres 
The first sole European licence from Battelle to produce melt 
extract fibres was held by Johnson and Nephew. They developed a 
production plant which consisted of: a primary melting furnace, a 
pivoting extraction furnace, a water-oooled multi-edged extraction 
wheel that was fixed over the melt bath, and a fibre collection and 
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bagging apparatus. The raw materials consisted of scrap metal, 
another advantage of the process, plus any additional alloying 
elements required to modify the composition of the final product. 
When producing stainless steel fibres the s=ap metal was also of a 
stainless grade and chromium or nickel bearing ores were added as 
required to produce the desired grade of steel. The standard 
stainless steel grades produced at Ambergate were: 
1. AISI 410 11.5 - 13.5% er 
2. AISI 430 14.0 - 18.% er 
3. AISI 446 23.0 - 27% er 
4. AISI 304 18.0 - 20% er, 8- 12% Ni 
5. AISI 310 24.0 - 26% er, 19 - 22% Ni 
2.4.4 Properties of Malt Elct:ract Fibres 
Melt extract fibres differ considerably in almost every respect from 
drawn wire fibres. They have the following properties: 
a) They are 'kidney-shaped' due to the vee-section of the wheel 
edge and therefore have a higher surface area/volume ratio than 
drawn wire (Figure 2. 8) 
b) They offer better grip for mechanical bonding due to their 
irregular contour and surface texture (Figure 2.9) 
c) They have a rough surface texture (Figure 2.10) which improves 
the adhesive and frictional bond due to their rapid 
solidification 
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d) They are economical, since they make use of inexpensive raw 
materials 
e) Their production satisfies the environmentalists since scrap 
metal can be recycled in the process 
Generally, melt-extracted fibres proved to be a solution to the cost 
problems facing fibre users. A summary of their properties and the 
environment for which they are best suited are shown in Table 2.1. 
It is interesting to mention here that metallurgical analysis shows 
that in addition to the main alloying elements chromium and nickel, 
the steel contained fairly standard contents of trace elements. 
These included silicon (0.25-0. 73%), manganese (0.25-1.5%) and 
carbon (0-.07-1.10%). This high content of carbon in the steel can 
weaken the strength of the fibres. However, it is avoided by new 
technology in this field Althcugh metallurgical analysis of melt 
fibres was fully assessed, only a few physical tests have been 
carried out on these fibres by their manufacturers. 
In 1976, Battelle performed some tensile tests on three batches of 
Ribtec fibre38. A few years later Austin29 carried out a few 
physical tests on many melt fibre batches. 
Aocording to the former source, the strengths f= two carbon steels 
were 435-960 (average 585) MN/m2, 725-1160 (av~rage 915) MN/m2 for 
two carbon steels and 715-1180 (average 900) MN/m2 for a stainless 
steel. These values were calculated from the cross-sectional area 
after fracture, with an optical micrometer at 20x magnificati~ 
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• 
Austin29, however, carried out some tensile tests and pointed out 
that the average of the ultimate tensile strength of Johnson and 
Nephew stainless steel fibres ranged between 430 and 555 MN/m2. 
Melt fibres produced by Fibre Technology and Ribbon Technology have 
tensile strengths varying from 585-730 MN/m2 as reported by Austin. 
Ductility tests have also been mentioned in these two available 
sources. 
In summary, melt extract steel fibre is suitable for most of the 
applications where high strength, low cost and durable fibre 
reinforcement is required. 
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ALLOY' flBRETECH flBRETECH flBRETECH f1BRET£CII fl8R£TEC 
MEAJO· MEJ04 MU4() MEJIO MEJJO 
Chromium 14-18 18-20 2J-21 24-26 1~-19 
Primary Element 
Composition • .,, 
Nickel 0 S-12 0 19-22 l4-36 
Mdring Temperature °C 1<180/lllO 1400/1455 1425/1510 140011455 IJ.I51142S I 
cyclic 
hearing BSO 810 1205 1040 IOSO 
Critical Oxidation 
Temperature oc 
continuous 
service 81l 980 1100 IIlO 1165 
Cocf of Thermal Expansion 
x 10..6 @ 870°C. Per oc IJ.7 20.2 ll.l 18.5 17.6 
lbt-rmal Conductivity 
@ S40"C - W /mK 26.l 20.1 24.8 18.0 21.5 
Fibre Tensile S!rength 
@ 870"C·MN/m 2 47 124 5J Jl2 193 
Modulus of Elasticity 
@_870"C- GN/m 2 83 124 97 125 IJ.c 
Nominal fibre sizes a.,ailable ex-stock - 0.4 \ 25mm and O.S x 35mm long. 
Qlher sizes produced to order. · 
. 
•Other alloys available on requesl. 
TABLE 2 • 1 : PROPERTIES AND PERFORMANCE DATA OF THE FIBRES PRODUCED 
BY FIBRETECH LTD 
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FIGURE 2.8: HIGHER SURFACE AREA/VOLUME RhTIO 
FIGURE 2.9: IRREGULAR CONTOUR 
FIGURE 2.10: ROUGH SURFACE TEXTURE 
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OIAPTER 3 
THE MEI\SUREMENl' OF THE SPEO:FIC GRAVITIES OF FIBRES 
AND RErJ\.TED POCJPERTIES 
3.1 INI'RCDUCI'ICN 
Physical properties and chemical analysis of melt extract fibres are 
among the items to be considered when designing a steel fibre 
reinforced refractory concrete. However, there is very little 
published information available on these i terns. This may be due to 
the fact that researchers are interested in the composite material 
(steel fibre concrete) as a whole rather than the fibre alone. 
In this chapter, specific gravity and physical dimensions of various 
batches of melt extract fibre, grade 310, were investigated. 'Ihese 
vital properties may give an idea of how the fibres are performing 
and what effect can be attributed to the presence of such materials. 
It is important to mention here that such fibres are still 
undergoing much research in order to improve their strength, 
ductility and accuracy of chemical composition. Researchers 
involved in such areas are attempting to maximize the benefits from 
adding melt extract fibres to concretes, in particular refractory 
concrete. 
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3.2 SPEX:IFIC GRAVITY TESTS AND RELATED POOPERTIES 
3. 2.1 Materials Used 
Specific gravities were determined using a 50 ml bottle (Plate 3.1), 
fibre samples and deionised, deaired water. Methylated spirit and 
ether were also used to clean the specific gravity bottle. This 
bottle is designed such that it can be filled precisely with a 
liquid. The stopper has a hole of small bore running centrally 
through it, the bottle being filled up to the top of this hole. Care 
had to be taken to keep the bottle at a =nstant temperature so that 
no volume changes occur. 
3.2.2 Test Method 
The specific gravity bottle was first cleaned by rinsing with water, 
then with methylated spirit (which gets rid of the water) and then 
with ether (which gets rid of the methylated spirit). Subsequently, 
dry air was blown into the specific gravity bottle to get rid of the 
ether. After that the specific gravity bottle was weighed empty, 
and then with a sample of fibre. Water was then added until the 
bottle was full, and it was weighed again. Finally, the bottle was 
emptied and weighed completely full of water. From the results of 
the mass of fibres (mf) and the mass of an equal volume of water 
mf 
(mw) which can be deduced, the ratio of these (~) is the specific 
gravity. The results of the specific gravi ties are presented in 
Table 3.1. 
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3. 2.3 Specific Gravity Test Results 
The results of the specific gravity determinations carried out at 
various times t!=ughout this research are summarised in Table 3.1. 
It can be seen from these results that, except for batch number 3, 
all specific gravities determined were between 7.86 and 7.89. 
These results seem reasonable in comparison with data taken from 
other sources. For instance, after examining various batches of 
melt extract fibres, Austin1 has found that specific gravity values 
range between 7.48 and 8.0. However, large variations in the 
specific gravity values between different batches of the same 
nominal AISI grade, such as the 310 series, sometimes occurred. 
Generally, the RF induction furnace method seems to produce fibres 
of a lower specific gravity than the discontinued electric arc 
system. Also it should be noted that it is unlikely that the rapid 
solidification process will reduce the specific gravity of an alloy 
by more than 5-10% of the conventionally cast value. Values of 
specific gravity for conventional stainless steels vary from 7.5 to 
8.10, martensitic and fe=itic types being at the lower end 
(typically 7.53-7.75) and austenitic steels at the upper end (7.8-
8.05) of this range. The results obtained are also very close to the 
typical specific gravity given by ACI 5442 (Table 3.2). 
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3.2.4 Sc:ne Geaootrical Olaract:eristics of Fibres 
Melt extract fibres used in this research ranged from 0.46 to 
0.87 mm in diameter (ds), and from 10 to 50 mm in length. Nominal 
and actual length, nominal and actual width, actual thickness and 
mean weight for each of the element fibre geometries used throughout 
this research are given in Table 3.3. 
Plates 3.2 to 3.4 also show some of these melt extract fibres. It 
should be noted that the values given in Table 3.3 are the results 
obtained for ten measurements for each batch. These values are close 
to the nominal values given by Fibre Techn:)logy in most cases. 
3.2.5 Average Fibre Cross-sectional Area 
Using the specific gravity values given in Table'3.1 together with 
the fibre geometrical characteristics given in Table 3.3, it is 
possible to calculate the average cross-sectional area of an 
individual fibre (Table 3.4). 
The formula used to calculate the nominal fibre cross-section <Atn> 
is: 
Fibre mass (rrg) 
Afn ; ------------------------
S.G. x fibre length, L (nm) 
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(3;1) 
Melt extract fibres are manufactured directly from a molten metal 
bath, without the expense of intervention of an intermediate product 
such as wire or flat steel. The melt extract pr=ess produces fibres 
'with a kidney-shaped cross-section (Figure 3.1) to which the closest 
approximation by a simple geometric shape is a semi -circle. 
Ribbon Technology suggest that the cross-sectional area of melt 
extract fibres can be calculated by measuring on an optical 
micrometer the dimensions of an imaginary rectangle that just 
encloses the fibre's kidney (Figure 3.2); the cross-sectional area 
of the fibre can then be approximated by the following formula: 
Afn = 0.6 (a x b) (3.2) 
Actually IX> supporting data has been made available for this meth:x:l. 
3.2.6 Fibre Size and Aspect Ratio 
A oonventional numerical parameter describing a fibre is its aspect 
ratio. This parameter, A, is traditionally defined as the fibre 
length (L) divided by the diameter (d) or by the equivalent diameter 
(~). 
Actually this definition is obviously not satisfactory for fibres 
with a non-circular section such as melt extract fibres since it was 
a result of early research which concentrated on drawn wire steel 
fibres. 
36 
The ASTM specification for steel3 has proposed a standard f!Olution 
to this problem. By calculating an equivalent diameter (de) from 
the fibre cross-sectional area, assuming an equivalent circular 
section, nominal aspect ratio can be calculated according to 
formulas (3.3) and (3.4) 
Hence 
4 Af 
= ; __ 
A - L 
- de 
1! 
(3.3) 
(3.4) 
This method proposed by ASTM can also be used to calculate Af for 
melt extract fibres from equation 3.3. Average length and the 
weight of a known quantity of fibre can be measured. The specific 
gravity in this equation should be 7.85 for steel fibres. 
Aspect ratio, when related to steel fibres, can define the ease with 
which fibres will separate from a mass, which we may call 
"handleability", (Figure 3.3). It can give an idea about the 
behaviour of fibres within a wet cementous mix, in other words 
"workability of the mix". In addition to this, aspect ratio is often 
a convenient way of describing a fibre's physical dimensions in 
theoretical work on the behaviour of steel fibre oomr;nsi tes. 
Referring to the first use of aspect ratio, fibres with high aspect 
ratios (>50) tend to be difficult to separate from a mass and 
• 
• 
conversely separate fibres tend to form into clumps or balls when 
brought together (Plate 3.5). Also, high aspect ratios decrease the 
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workability of a mix and hence increase the time required to achieve 
satisfactory ocmpaction. This effect has been clearly demonstrated 
by Edgington et a14. 
Austin1 has suggested that in the two cases of handleabili ty and 
workability it may be argued that the ease with which fibres will 
form clumps is controlled by the maximum dimension of the fibre's 
cross-section, rather than its equivalent nominal circular diameter. 
He tock as an example the two following standard fibre shapes: 
a) slit sheet fibre - 0.50 mm x 0.25 mm x 25 mm 
b) drawn wire fibre - 0.04 mm x 25 mm. 
He indicated that these two fibre types have the same cross-
sectional area of 0.125 mm2• However, using equation (3.3), the 
slit sheet fibre has a de of 0.40 mm. The two fibres, therefore, 
have the same aspect ratio of 62.5. Using the standard method of 
converting the slit sheet fibre's rectangular shape to a ci=le, he 
theoretically concluded that this fact would imply that they also 
have the same handleability and workability. However, in reality he 
concluded that the circular drawn wire fibres are inferior to the 
rectangular slit sheet fibres in this respect. On the other hand, 
as he mentioned, the latter's aspect ratio can be calculated on its 
larger dimension of 0.5 mm and a value of 50 can be obtained. This 
would be a more appropriate figure, reflecting the better 
performance of the rectangular shape. 
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It is therefore proposed that the aspect ratio of melt fibres be 
based on the width of the fibre cross-section. Thus aspect ratio can 
be calculated acoording to the following methods. 
a) Method One: TO calculate aspect ratio of a melt extract fibre 
a=rding to this method, assume that the fibre is semi -circular 
in shape. From this assumption an equivalent semi-circular 
diameter of the fibre can be calculated by using the following 
formula: 
(3.5) 
where<\; = equivalent semi-circular diameter and hence an aspect 
ratio can be calculated: 
(3.6) 
The equivalent diameter and aspect ratios of all the fibre 
batches used throughout this research have been calculated from 
equations (3.5 and 3.6) and are presented in Table 3.5. 
b) Method Two: This method is proposed by the ASTM standard3• It 
was based on the assumption that the fibre is circular in shape. 
By considering this idea, an equivalent diameter can be 
calculated as: 
(3.7) 
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I 
Hence an aspect ratio can be calculated: 
(3.8) 
It should be noted that this method suggests that Af for melt 
extract fibres should be calculated from equation 3.1. Specific 
gravities in this equation should be taken as 7.85 for all the 
fibre batches. Table 3.6 gives equivalent diameters and aspect 
ratios of all the fibre batches. These are calculated from 
equations 3. 7 and 3.8. 
c) Method Three: This aspect ratio was proposed by Ribbon 
Technology. It is based on the calculation of ~n as 0.6 times 
the area of the enclosed rectangle. Having Afn• an equivalent 
semi-circular diameter can be calculated from equation 3.5. 
Then aspect ratio can be easily obtained from 'equation 3.6. 
Table 3.7 gives the average equivalent semi-circular diameters 
and the average aspect ratios of all the fibre batches. 
The main point which can be noticed from this investigation is that 
Ribbon Technology's assumption seems very close to the ASTM 
proposition. This may be due to the fact that both aspects are based 
on the assumption that melt extract fibre diameter is semi-circular. 
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other conclusions drawn from the above methods can be mentioned as 
follCMS: 
Typical values of specific gravity for melt extract fibres, AISI 
310, are given in Table 3.1. A value of 7.85 should be used if 
more detailed information is not available 
Fibre nass 
The naninal fibre cross section ~n = L 
S.G. x fibre length, 
8.Afn 
The equivalent semi-circle, dg = I -
11
-
The equivalent circular, 
The aspect ratio, 1 
"s =a' 
s 
1 in=~ 
Typical values of ds, '-s and de, Xn are presented in Tables 3.5 
and 3.6 respectively 
Melt extract fibre aspect ratios are the major factors governing 
the handleability, workability and performance of these fibres 
in concretes. 
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PLATE 3 . 1: MATERIAL USED TO MEASURE THE S . G. OF T HE 
FIBRES 
PLATE 3 . 2 : MELT EXTRACT FIBRES (AISI 31 0 /10 mm) 
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PLATE 3.3: MELT EXTRACT FIBRES (AISI 3 10/25 mm) 
PLATE 3. 4: MELT EXTRACT FIBRES (AISI 3 10/50 mm) 
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PLATE 3 . 5: BALLING UP OF THE FIBRES 
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Fibre size First test Second test Third test Average 
10 X 0.74 7.868 7 .868 - 7.868 
10 X 0.59 7.890 7 .895 7 .895 7.895 
10 X 0 . 55 7.895 7.895 7 .894 7 .895 
25 X 0.72 7.895 7 . 895 - 7.895 
25 X 0.53 7.895 7.893 7.897 7.895 
25 X 0.52 7.895 7 . 897 7.893 7.895 
25 X 0.48 7.896 7.896 - 7.896 
50 X 0.87 7.868 7.868 - 7 . 868 
50 X 0 . 65 7.868 7 .868 - 7.868 
50 X 0.56 7.892 7.898 7 . 895 7.895 
50 X 0.46 7 .317 7.317 - 7.317 
TABLE 3.1: SPECIFIC GRAVITIES RESULTS 
Fibre Type Specific Gravity 
Acrylic 1.1 
Asbestos 3 . 2 
Cotton 1.5 
Glass 2 .5 
Nyl on (high tenacity) 1.1 
Polyester (high tenacity) 1.4 
Polyethyl ene 0.95 
Polypropyl ene 0 . 90 
Rayon (high tenacity 1.5 
Rock wool ( Scandinavian) 2.7 
Steel 7 .8 
TABLE 3 . 2: TYPICAL SPECIFIC GRAVITY OF FIBRES 
(From ACI 544.IR-82) 
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~fibre Naninal Actual .!bninal Actual Fibre 
weight ln l width width thickness 
mf, (rrg) (mm) 
10 X 0.74 17 10 10 0.77 0.74 0.439 
10 X 0.59 11 10 10.1 0.57 0 . 59 0.323 
10 X 0.55 10 10 10.5 0.45 0.55 0.286 
25 X 0.72 39 25 24.6 0.87 0.72 0.508 
25 X 0 . 53 22 25 25 0.63 0.53 0 . 324 
25 X 0.52 20 25 24.5 0.56 0.52 0.315 
25 X 0.48 16 25 24.4 0.50 0.48 0 . 275 
50 X 0.87 117 50 50.2 1.17 0.87 0.482 
50 X 0.65 65 50 49.7 0.74 0 .65 0.440 
50 X 0.56 48 50 49.6 0.64 0.56 0 .363 
50 X 0.46 33 50 49.7 0.53 0 . 46 0.355 
"TABLE 3. 3 : FIBRE GEX:MEI'RY 
S.G. ~fibre Ncminal Afn Actual Af 
weight ll1t length (nm2) lerYgth (mm2) 
( rrg ) (mm) (mm) 
1 7.868 17 10 0.213 10 0.213 
2 7.895 11 10 0.136 10.1 0.135 
3 7.895 10 10 0. 126 10.5 0 .120 
4 7.895 39 25 0.198 24.6 0.201 
5 7.895 22 25 0.111 25 0.111 
6 7.895 20 25 0 .103 24.5 0.106 
7 7 . 896 16 25 0.088 24.4 0.09 
8 7.868 117 50 0.297 50.2 0.296 
9 7.895 65 50 0.165 49.7 0.168 
10 7.895 48 50 0.186 49 . 6 0.122 
11 7.317 33 50 0.091 49.7 0.085 
TABLE 3. 4: 1'0'1INAL FIBRES rnGSS-SECI'ION 
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Illt 17 11 10 39 22 20 16 117 65 48 33 
1£ 10 10 10 25 25 25 25 50 50 50 50 
ds 0.74 0.59 0.55 0.72 0 . 53 0.52 0.48 0 . 87 0 . 65 0.56 0.46 
As 14 17 19 34 47 48 52 56 76 89 108 
TABLE 3 .5: EQUIVALENT SEMI- CIRCULAR DIAMETERS AND ASPECT RATIOS 
MEASUREMENTS (METHOD ONE) 
m£ 17 11 10 39 22 20 16 117 65 48 33 
1£ 10 10 10 25 25 25 25 50 50 50 50 
de 0.52 0.42 0.40 0. 5 0.38 0.36 0 . 32 0.62 0.46 0.40 0.32 
An 19 24 25 50 66 69 77 81 108 126 152 
TABLE 3. 6: B;2UIVALENT CIROJLAR DIAMETERS AND AS PEer RATIO MEASUREMENT 
(CALClJLATED AS PROPOSED BY THE ASTMC820- 85) 
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- - --- - - - --- - - - ---- - - --
Batch 1 2 3 4 5 6 7 8 9 10 11 
No. 
Fibre 
thick- 0.439 0.323 0 . 286 0.508 0.324 0.315 0. 275 0 . 482 0.44 0.363 0.355 
ness 
Fibre 0.74 0.59 0.55 0 . 72 0.53 0.52 0.48 0.87 0.65 0 . 56 0.46 
width 
0 . 6x 0. 195 0.114 0.094 0.219 0.103 0.098 0.08 0.25 0. 17 0.122 0.098 
(axb) 
dn 0.7 0 . 54 0.49 0.75 0.51 0.50 0.45 o.·8 0.66 0.56 0. 50 
~ n 14 14 20 33 49 50 56 62 76 90 100 
TABLE 3. 7: DIAMETERS AND ASPEcr RATIOS MEASUREMENT (AS PROPOSED BY THE 
RIBBON TEQOOLCGY) 
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Varying Cross-section, At 
w 
JyRical Melt Extract Fibre Shape Sem~ircular Apnroximation 
FIGURE 3 .1: SEMI - CIRCULAR APPROXIMATION OF MELT FIBRE SHAPE 
.D 
.---- -=-~~trn'~~~ 
I 
I 
I 
I 
I 
l 
- --------- ------- - _J 
a 
Atn= 0 .6 x ax b 
FIGURE 3.2 : DEFINITION OF Afn AS PROPOSED BY RIBBON TECHNOLOGY 
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FIGURE 3 . 3 : HANDLEABILITY OF FIBRES 
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4.1 INI'RC'IX.Cl'ICN 
A material can be described as "refractory" if it can withstand high 
temperatures and is able to maintain its mechanical function despite 
high heat and contact with corrosive solids, liquids and gases at 
high temperature. 
Refractory materials, in particular refractory bricks and concretes, 
are used to preserve useful properties during long services at high 
temperature and to withstand an expected temperature in an 
atmosphere which can include hydrogen, steam, carbon monoxide, 
hydrogen sul phide and/or sulphur dioxide. In addition t o 
withstanding the high temperature process, these materials also must 
be able to withstand the fluxing action of either acid or basic slag 
and to resist many effects including erosion, abrasion and thermal 
shock, to which they will be subjected under operating conditions. 
Refractory concretes play a valuable role in high temperature 
techn::>logy and indeed offer in some instances an advantage over the 
traditional refractory bricks1' 2, which were .known 6000 yea.rS ago3. 
Such concretes were first produced in France in 1918 and in the USA 
around 1924. However, it was not until after the Second World war 
that the possibilities offered by refractory concretes really began 
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to be exploited. Pioneering experiences showed that the use of 
refractory concretes and components made of them may help to solve 
successfully any problems in the industrial construction fields. 
They can take two or threefold less construction time than with 
refractory bricks. At the same time, the cost of construction is 
reduced by 20-40%4 • 
Today the development and application of the technology of 
refractory concretes have reached high levels. That is why it seems 
that the progress made in this field will undoubtedly continue to 
spread to every area of work in which it offers more advantages over 
the traditional refractory brick. 
4.2 DESClUPI'ICN AND c::LASSIFICATICN OF REFRACroRY ~ 
The word "concrete" is generally unders tood to mean a mixture 
composed of cement, aggregate and water which hardens at normal 
temperatures. Thus the term "refractory concretes" means a mixture 
of suitably graded refractory aggregates and a setting material, 
such as hydraulic cement (which in nearly all cases is an HAC) to 
give them cold- setting properties. 
This mixture when gauged with sufficient water will give adequate 
properties both before and after firing for a relatively high 
temperature. The aggregates are usually calcined during their 
manufacture to produce lightweight insulating materials such as 
perlite and exfoliated vermiculite, or strong, dense, abrasion 
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resistant aggregates such as fused alumina. Table 4.1 describes 
some of the wide range of natural and synthetic aggregates 
available. 
The binder, which is the critical ingredient in this material, 
oonsists mainly of calcium aluminate cement, since the technology of 
refractory concrete i s still based, for the most part, upon the use 
of hydraulic binding agents. However, the use of other binding 
agents and other anhydraulinorganic binding agents, which set 
without the application of heat, is continually increasing. These 
types of binders can include air binders s uch as water glass, 
chemical binders such as impure sodium disilicate, phosphates and 
other similar oom};X)unds. 
4.3 CLASSIFICATICN SYSTEMS FOR REFRACroRY ~ 
ASTM classification C-4015 , Table 4 .2, has classified refractory 
concretes into: dense ooncretes and insulating concretes. 
The former classification criterion is based upon strength and 
service limit, while the latter is classified by bulk density and 
service limit criteria. However, this ASTM classification system is 
relatively broad and is not sufficient for specification purposes 
for critical applications. 
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In addition to the ASTM classification system mentioned above, 
refractocy concretes are also classified by such properties as the 
maximum permissible operating temperature, structure, compressive 
strength, type of binder, type of aggregate, meth::xi of placing and 
canpaction. 
4.3.1 CJ.assification According to their Specific Max:i.mum Sexvice 
Temperature 
Refractory concretes can be classified into three main categories6: 
a) Extreme service refractocy concretes: these are used for high 
temperature applications (up to 1870°C) 
b) General duty refractocy concretes: these are an economically 
priced product for temperatures up to 1650°C 
c) Insulating refractocy concretes: these types of concrete have 
low heat conductivity. Usually they are used ·as a backing to a 
working lining being used at elevated temperatures. 
4.3.2 Cl.assificaticn Aca::>rd.inJ to~ Type of B~ .Agent7 
Refractocy concretes classification according to the type of binding 
agent gives the following subdivisions: 
Refractocy concrete made with aluminous cement (normal a l uminous 
cement, high aluminous cement and barium a luminous cement) 
Refractocy concrete made with Portland cement 
Refractory concrete made with blast furnace cement or iron 
Portland 
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Refractory cement made with waterglass binding agent 
Refractory concrete made with magnesia binding agent 
Refractory concrete made with other types of chemical binding 
agent. 
4.3.3 Classificaticn 1\cco:r:d.in'J to llggregate Type1• 7 
This can be divided into the following subdivisions: 
Refractory concrete with charrotte aggregate (burned fire-clay) 
Refractory concrete with corundum aggregates 
Refractory concrete with silica aggregates 
Refractory concrete with magnesia 
Refractory concrete with chrome ore and chrome ore/ magnesia 
Refractory concrete with silicon carbide. 
Generally, refractory concretes can be considered as adequate 
materials for many different types of thermal units and building 
structures. However, adding steel fibres to these materials may 
allow them to be more competitive in the refractory fields. Before 
describing the investigation into steel fibre reinforced refractory 
concretes, it is necessary to discuss in more detail the constituent 
ingredients of refractory concretes, their metlxxi of installation, 
properties, application and new developments in this field 
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4 . 4 MATERIALS 
Refractory concretes are destined to serve all or most of their life 
at high temperature, varied conditions, exposure to acidic gases 
etc. It is for these reasons that their main constituent materials 
should be different from ordinary concrete basic materials. 
Generally the main constituent materials of refractory concrete are: 
binding agent (usual l y cement), refractory or heat-resistant 
aggregate and water. Various additives may also be used to confer 
certain properties such as workability (plasticity aids) or 
sometimes to accelerate or retard the setting process8. 
4. 4 . 1 Binders ( Cerents) 
As was stated above, cements are the principal· binders used in 
refractory concretes. However, it is evident that mt every type of 
cement can be used for any purp::>se. For instance, calcium aluminium 
cements are adequate to be used in most refractory concrete 
application cases, while the use of Portland cements in such 
applications is limited. 
Generally, Portland cement cannot be used even with selected 
refractory aggregates in an application where the temperature can be 
expected to exceed 500°C7. This is actually due to t he fact that 
this kind of cement differs fundamentally from aluminous cement in 
its pyrochemical behaviour, one of the most fundamental factors 
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being the release of free lime from Portland cement when it is 
heated. This release of free lime in the presence of moist air or 
water involves a large increase in volume which may be sufficient to 
disintegrate or greatly weaken fired Portland cement refractory 
concretes (see Figures 4.1 and 4. 2). 
The recent developments in the field of cement technology have not 
weakened the argument against the use of Portland cement. However, 
many researchers7' 8 have admitted that the free lime problem can be 
reduced by adding some additives to the Portland cement refractory 
concretes. These additives (slag in the form of cements, or 
p::>zzolana) combine with the ca(OH)2 while the prc:x;ess of hydration 
is still going on, resulting in the formation of calcium silicate 
and aluminate hydrates. 
Actually, as it has been stated at the beginning ·of this section, 
calcium alumina cements are the most common binding agents for 
refractory concretes. They can be classified according to their 
chemical and mineralogical comp::>si tion into three grades: normal 
aluminous cement, aluminous cement of high alumina content, and 
barium aluminous cement9. The content of alumina in the first-named 
type does not exceed 50%. However, it can be greater than 70% in 
the case of high alumina cements. In this discussion, only high 
alumina cements can be considered. This is due to the fact that 
binding agent selection is primarily based on the maximum service 
temperature, which extends with increasing alumina and decreasing 
iron content. 
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These cements are made up of four main constituents (Table 4.3): 
alumina (Al1 03 ) lime (caO), silica (Si02) and iron oxide (FeO, Fe2o3 ), 
plus trace amounts of titanium and manganese oxides7 . The main 
acti ve ingredient in all high alumina cements is mono-calcium 
aluminate (cao, Al2o3 ) which has an alumina content of about 64.5% 
and melts at around 1608°C8. They are generally classified under 
four basic categories9 . Low purity ordinary calcium aluminate 
cement, intermediate purity, alumina fortified calcium aluminate 
cement, and high purity calcium alumina cement. 
These cements are usually made from bauxites and limestone by fusion 
or sintering. However, according to American investigations, 
alumirx>us cements produced by an electrical smelting process makes 
for better refractory cement than alum.i.rr)us cement produced by other 
methods. This view is not shared, however, by Hungarian experts 7. 
A brief description of each category is given below, followed by a 
summary table (Table 4.4 ) and chemical composition of HA cements 
from various sources of information which is presented in Table 4.5. 
Low purity ordinary cement: This product is made by fusion or 
sintering from red bauxite (high iron bauxites) and limestones, 
and hence contains various (but often substantial) proportions of 
iron oxides, together with 3.8% silica. They are commonly used 
in civil engineering applications. However, their use is limited 
up to about 1350°C due to the relatively high iron impurities 
content (5-10%). 
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Intermediate purity ordinary calcium aluminate cement: This 
product is also manufactured from low iron bauxites mostly by 
sintering with limestone, or from red bauxite by reductive 
fusion. Use of this product is generally limited to 1625°C or 
less. It has iron oxide contents intermediate between the 
previous type and the next type, but it is always distinguishable 
from the white, pure cements by its residual contents of silica 
and ti tania. 
- Alumina fortified calcium aluminate cement: This product is 
ordinary cement that has had some bauxite replaced by a more pure 
form of alumina. It contains 60% to over 70% alumina and 0.1-
0.3% of Fe2o3 and FeO as iron impurities,. It can be used at 
temperatures up to 16CXPc. 
White calcium aluminate cement: This prcx:luct fs made from Bayer 
alumina or a luminium hydroxide and high purity limestone o r 
hydrated lime. It can contain 72-80% of Al2o3 and is almost free 
from iron oxide, s ilica et~ It contains sometimes less than 2% 
total impurities. 
4.4.2 Aggregates 
Refractory aggregates are described as materials having refractory 
properties which form a refractory tody when bound into conglomerate 
mass by a matrix9. They are classified into dense or lightweight 
aggregates (Tables 4.6 and 4.7). The latter is used when good 
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insulation is required, otherwise dense aggregates are widely used 
Most of these aggregates contain mainly alumina and silica in 
various forms. Alumina content has a great effect on the 
refractoriness of concretes. Thus this property increases with 
alumina content of aggregate. Refractory aggregates can also be 
classified as naturally-occurring or heat-treated aggregates9. 
Naturally occurring dense aggregates include limestone, basalt, 
dolerite (whinstone, traprock), emery, olivine and dunite (dunite 
may require calcination before use) with specific gravities varying 
from 2.00 to 2.40 and maximum temperatures from scxPc for limestone 
to 1000-1100°C for the others. Heat-treated aggregates include 
blast-furnace slag (air cooled) crushed-firebrick, calcined flint 
(Kaolin), calcined bauxite, magnesi te and chromite compounds and 
fused or tabular alumina. These aggregates have specific gravi ties 
of 2.00 to 2.80 and maximum service temperatures of 1000-1600°c when 
used with ordinary calcium aluminate cement. However, the maximum 
service temperature can reach 1800°C when white HAC is used 
4.4.3 Water 
Water fulfils two imrx:>rtant functions in the making of concretes; it 
makes the dry mixture of aggregates and binding agent workable and 
also reacts with the binding agent to produce the reactions of 
hydration and hardening. It is necessary in order that the 
chemistry of the setting process shall not be impaired, that the 
water used should not be excessively polluted by organic or 
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inorganic dirt and suspended matter or by acids, bases or other 
salts. 
For normal concretes the water should be free of earth, loam and 
similar impurities. For refractory concretes, however, this 
limitation is qualified in that in many concrete mixes clay is 
deliberately added as a plasticising or stabilising component. 
All natural waters are unsuitable for use in the maki.ng of concrete. 
Their suitability must be demonstrated by appropriate tests. The 
strength of concrete made with water of doubtful quality must rot 
fall more than 15% below that of similar concrete made with drinking 
water. 
4.4.4 Additives 
An additive is "a material other than water, aggregate, and 
hydraulic cement that is used as an ingredient of concrete and is 
added to the batch immediately before or during the mixing"s. 
Principally, additives are used to modify the properties of the 
fresh or hardened concrete in such a way as to make it more sui table 
or ecoromical for the job at hand and/or to improve various aspects 
of its performance. In refractory concrete, the principal functions 
of the additives to: 
increase concrete working time 
reduce the rate of heat evolution during early hardening 
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reduce the amount of water required to achieve a given level of 
workability 
produce favourable effects in the form of decreased density and 
thermal conductivity, decreased sensitivity to the effects of 
rapid heating. 
However, it i s imfX)rtant to mention as a cautionary note that in no 
case sh:::>uld any additive be used with any concrete before its full 
compatibility has been firmly established in the application of 
interest. 
'Ib simplify our discussion, some of the principal additives, their 
function and their content are listed in Table 4.8. 
4. 5 Q:xx::rete Mix Design 
The "concrete mix design" signifies the design of concrete mixes for 
special purpose concretes, with reference to the type of the various 
constituents and grading of the aggregates. In the following 
survey, the aggregate grading, cement and mix profOrtions have been 
chiefly discussed. 
4.5. 1 'Ihe ~of tre aggregate 
Generally, the maximum aggregate size will depend UfOn the minimum 
dimension of member to be constructed. For instance, certain French 
companies in refractory concrete construction10, such as Ciments de 
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Lafarge, state that the largest aggregate dimension should be 
between one fourth (1/4) and one fifth (1/5) of the minimum 
thickness of member, providing that this size slx>uld rot exceed 30 
mm for massive concrete constructions and 20 mm for other civil 
engineering work. However, the more common sizes are 19 mm down to 
3 mm. 
Tables 4.9 and 4.10 give an idea about aggregate sizes in relation 
to thickness of construction. Ideally, the aggregate should be 
graded to conform to the curves of Fuller, Bolomey, Feret, etc. 
However, practically the proportion of the final aggregate is likely 
to be suitable when the percentage passing 3.75 size amounts to 
about 40% (in the case of 19 mm aggregates) and to about 50% (for 
the case of 9.5 mm aggregate). Also, the weight of the aggregate 
passing 100 mesh should be about 10-15%. This percentage of fine 
material is usually essential in refractory concrete so that good 
workability can be obtained in addition to facilitating the thermal 
reaction between aggregate and cement which leads to a ceramic oond. 
4.5.2 Cements 
The cements used in refractory concretes are mostly of standard 
type. A survey of the literature2 ' 5 ' 6 shows that all types of 
aluminous cements, Portland cement, iron Portland cement and blast 
furnace cement are each sui table for certain temperatures and ranges 
of operating temperature. 
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There are no special requirements for the granulometry of the 
cements. Generally, cements which satisfy the requirements of the 
standards are basically acceptable. 
4 . 5. 3 Mix Prop:n: liens 
The aggregate/cement ratio by volume is a more convenient ratio to 
employ than the corresponding aggregate/cement ratio by weight since 
the density of the refractory aggregates normally varies over a much 
greater range than that of aggregates used in ordinary concrete. For 
any refractory mixed with 9- 19 mm maximum aggregate size, the most 
common proportions are 3-4.5 volumes of aggregate to l volume of 
cement. However, this proportion may consist of 2-3 volumes of 
fines aggregate to 1 volume of cement if a strong mortar is 
required. Typical mixes for thickness of 50-100 mm are shown in 
Table 4 . 11. 
Generally the aggregate is more refractory than the cement, and the 
refractoriness of the concrete therefore increases as the cement 
content is reduced. However, the strength of the concrete (before 
and after firing) is increased when the cement content is raised, so 
that the proportion of cement in a mix is frequently a compromise 
between obtaining adequate strength and ensuring the desired 
refractoriness. Figures 4.3 and 4.4 give, respectively, an idea 
about the effect of cement content and type of aggregate on the 
refractoriness of castable mixes and the effect of cement content on 
the refractoriness and strength of a castable mix. 
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4. 6 INSTAI.JATICN 
4. 6 .1. Introducticn 
Regardless of the quality of refractory cement, aggregate, and/or 
castable, and regardless of the research devoted to the selection of 
correct materials for a specific application, maximum service life 
will not be obtained unless the refractory concrete is installed 
properly. In this context some of the most frequently used metlxxis 
of installing refractory concretes are briefly treated. 
4.6.2 Casting Method7,9,11,12, 14 
Cas1;ing of refractory concretes is the most common method of 
ins1;allation. These products are available in dry premix form from a 
number of manufacturers, requiring only the addition of a specified 
quantity of gauging water, prior to being cast i .n the normal way 
into formwork and then vibrated where necessary. 
They may be cast in-situ where they will be fired, or precast and 
subsequently located in the green state before firing. Proper 
mixing of castables is of primary imp:>rtance. Therefore, mixers, 
tools and transporting equipment used previously with Portland or 
other types of cement concretes must be cleaned prior to mixing. 
Remains of lime, plaster, or Portland cement will induce flash set 
and will lower refractoriness. 
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The ball in hand (BIH) method detailed in ASTM 860-77, is the most 
widely used technique for assessing the workability of mixes. This 
meth::x:l is described in 01apter 6. 
Generally, casting methods are used to best advantage for rapid 
monolithic placement of floors, supported roofs, pipe linings, 
readily-formed shapes such as ck:xJrs, curbings, simple burners, and 
observot portblocks12. It is necessary to mention here that in a 
paddle mixer, normal weight refractory concretes soould be mixed for 
about 2 to 4 minutes. Refractory concretes of less than 960 kg/m3 
density sroul d be mixed n:J l onger than necessary to ensure thorough 
wetting. This precaution is necessary because the lightweight 
aggregate may break up during the mixing action and reduce the 
effectiveness of the concrete as a heat insulator. Refractory 
concretes in the 1200- 1400 kg/m3 range should be mixed for 
approximately 2 to 5 minutes9. Because working time may be short, 
all castables soould be cast immediately after mixing. Mixing and 
curing temperatures can affect the type of hydrates fonned in such 
concrete7, and therefore great care should be taken about these 
factors. 
4.6.3 ~2,13,14 
Most ramming mixes are premixed refractory materials which are 
installed by hand, with pneumatic tools, or by other tamping 
methods. Their ultimate utilization is governed by the specific 
materials service requirement since the installation man-hour 
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requirements are somewhat higher than for casting or gunning 
meth:xis. 
The service performance of a ramming material is dependent u{X)n the 
uniform compaction of the carefully graded particles. 
The method of installation of ramming mixes is generally somewhat 
complicated by the angle of compaction; as the plane of application 
approaches the vertical, forms are required. 
The plastic refractory, which is furnished in a ready-to-install, 
stiff plastic consistency, is the most versatile form of ramming 
material. All vertical applications, s uch as Dutch oven walls, 
burner throats, and even cyclones, have been s uccessfully 
accomplished in areas where the inherent service properties of a 
plastic refractory are required. 
This kind of refractory, "ramming plastic refractory", usually 
requires no expansion joints since the shrinkage characteristics are 
self-compensating for the expansion that is expected on the lx>t face 
during service. 
4.6.4 ~2,13,14,15 
Gunning refractory concretes has become an increasingly popular 
method of installation since the cost of installation is 
significantly lower and also the quality of the installed concrete 
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is superior to that of cast concrete because of the lower 
water/cement ratio achieved. However, these advantages can only be 
fully realised when experienced gun-operators and nozzle men are 
used. 
The full range of light and dense refractories can be gunned. Mix 
gunning should have aggregate with 5 mm as maximum size and usually 
high alumina cement. The dry spraying process produces reoound and 
particular efforts must be made to prevent the accumulation of this 
material in setting areas beneath the area of appl ication. 
The uniformity and ultimate service performance of a gunning mix is 
dependent upon the skill and diligence of the applicator. When 
experienced gunning specialists install the proper gunning mix, the 
refractory monolithic affords a rapidly-installed, satisfactory 
installation. 
Figure 4.5 shows typical equipment set-up for gunning operations, 
while Figures 4.6 and 4.7 shJw some of the gunning operations. 
4 _6 _5 Mbuldables3,ll,l2,13,14 
Mouldables can be simply defined as: "a refractory mass which can 
be moulded into any required shape". This is IX)t strictly correct 
since most mouldables are in dry form (dry ramming masses ) and must 
be mixed with water on site prior to install ation. A better 
definition is supplied by the British Standard on mouldable and 
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- - - - ------------------- -
castable refractories. This standard defines a mouldable as: "A 
mixture of graded refractory aggregates and a plasticiser, which is 
usually clay, supplied mixed with water in a workable condition. 
Olemical l::onding agents may also be inoorJ,:Orated. The workability of 
the material is such that it can be readily placed by hand 
malleting. " 
In most cases we can say that there are three types of mouldables: 
dry mass, which requires mixing on site, stiff masses called ramming 
mixes (ready for use) and semi-stiff masses, called plastic mixes 
(ready for use). Today almost all the regular plastics are installed 
by ramming. They can be installed with or wii:h:)ut shutters, whereas 
ramming mixes are always installed behind shutters and always by 
ramming. Gunnable mouldables are installed by ordinary gun as used 
for gunning castables. 
4.7 REINF0~,7,9,16,17 
It is well known that the steel reinforcement in Portland cement 
ooncrete is relatively inert in most applications. Additionally it 
is oow experimentally proved that the bond between the ooncrete and 
the reinforcing steel is generally adequate and usually not 
significantly disrupted by differential movements between the s teel 
and the concrete due to thermal expansion, elastic strains and 
ooncrete creep and shrinkage. Unfortunately, for many reasons, the 
sophisticated techoology developed for the reinforcement of Portland 
cement concrete cannot be carried over to the design and 
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construction of refractory concrete structures. This is due to the 
large differential thermal expansion and consequent cracking and 
spalling that occurs above about 300°C. Actually at normal 
temperature, the reinforcement and the concrete itself behave in a 
compatible manner since in normal circumstances they ooth undergo 
similar expansions. However, at about 400°C steel reinforcement 
suffers an appreciable l oss of strength and, in addition, the effect 
of the differences in the two coefficients of thermal expansion 
becomes much more marked at high temperatures. In other words, at 
low temperature ( 100-250°C) the bond strength between steel and 
concrete increases uniformly with the concrete strength; but ab:Jve 
300°C differential volume change between steel and concrete 
increases due to the fact that at this range of temperature the 
expansion of steel increases, while the strength of the concrete 
decreases. Therefore it is clear that reinforcement in refractory 
concrete heated to a high temperature cannot function according to 
civil engineering principles. However, the presence of 
reinforcement in refractory concrete, in the form of mesh or 
anchors, is just to provide support and hold together spalled 
material in place after it cracks. AnchJrs or chairs (Figure 4.8) , 
which are used to reinforce refractory concrete, shJuld simply hold 
the concrete onto the wall of a steel process vessel where the steel 
is completel y covered by the refractory concretes (Figure 4.9). 
Generally, the refractory may be anchored directly by Y, V or T 
shaped studs which are generally extended from the cold face for 2/ 3 
to 3/4 of the lining thickness. Their minimum cover from the hot 
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face should be 50 mm. Anchors are available in carbon steel, type 
304 stainless alloy, type 310 stainless alloy and other suitable 
alloys. Welded mild steel wire mesh may be fixed to retaining studs 
in single or multiple layers. These meshes are typically 2-4 mm 
diameter at 50-100 mm centres. Also cellular steel armouring may be 
used in particularly aggressive environments, while ceramic anc.hJrs 
can be used in areas where refractory concrete is subjected to high 
service temperatures. Researchers are carrying on their 
investigations into reinforcing refractory concretes. The general 
concept of most of these methods is to allow the steel to expand 
freely at high temperature by ensuring that there is a small space 
between the steel and concrete. This small space can be obtained by 
coating the bars with a thick layer of grease, or surrounding them 
with a sheet of paper, tar or bituminous material of a thickness 
equal to at least half of the diameter of the bar. 
4.8 APPLICATIOO OF REFRACIORY a:N:RETES 
The scope for the utilisation of refractory concretes will be 
evidenced from the previous discussion of these materials, and the 
field is now too wide to be treated in any great detail. In this 
context some typical examples of the use of refractory concrete will 
be described and the results of the experience gained will be set 
down. The summary is by no means complete. The aim, however, is to 
cover a wide range of practical applications, to derive the 
experience from them and to indicate further possible uses. 
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4.8.1 Loon and Steel ~,7,9,18 
It is the major process industries that employ the majority of 
refractory and high temperature insulating concretes. The iron and 
steel industry accounts for aoout 50% of consumption in applications 
spanning all stages of production. One of the most important 
examples is the blast-furnaces, in which refractory concrete has 
been extensively used to build the "plug" below the hearth. This can 
be over 3m deep and up to llm in diameter, protecting the under!~ 
structural foundations from the soaking heat. Also refractory 
concrete has been used to oover the flcor around the blast fw:nace 
at casting level. This floor layer provides a smooth working surface 
which will nJt spall or fly in the event of an accidental break out 
or spillage of molten metal. Heat radiation by ladles pass ing 
below, which can affect the underside of the casting house floor, 
has been avoided. Runners have been oonstructed w1 th precast shape 
or, especial ly at bends, by casting in place. Castables mixes have 
a l so been employed for slag dampers or skimmers, slag troughs and 
for lining the slag pots. 
4.8 . 2 Non-ferrous Metal ~,7,9,13,18 
The use of refractory concretes is fairly widespread in the non-
ferrous metal industry. Many of the applications in this field are 
similar to those already mentioned above in the iron and steel 
industry. However, it is important to mention that many alumin:>us 
furnaces have been successfully constructed using refractory 
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concretes in addition to many other crucible furnaces for the re-
smelting of aluminium. In the UK and many other European countries, 
refractory concretes have been used in the construction of component 
parts of a large number of furnaces in the non-ferrous metal 
industries, such as linings, cover plates, gutters and burner 
bricks. Generally, castable mixes are used for pit-furnaces, 
reverberatory furnaces, or rotary furnaces for melting copper, 
bronze, zinc and lead 
4.8.3 Oil Refining ~,7,9,13,18 
The shells of reaction vessels can be protected by refractory 
concretes. This sort of protection allows the vessels to be made of 
mild steel instead of stainless alloys, which are more expensive. 
In this field, however, factors such as strength, thermal 
conductivity, erosion and corrosion resistance are more important 
than refractoriness. Thus, refractory concretes are used for 
reactors, regenerators and cyclone s, catalyst transfer lines, and 
for gas coolers. It is important to mention here that the cost of 
lining refinery vessels with a castable refractory mix is said to be 
50-60% less than the cost by any other metlxd other plant is often 
protected, including s tacks, chimneys, flues, ducts, breechings, 
explosion doors, vacuum and barometric condensers, continuous-still 
evaporator towers, flash columns, sour water strippers and cooler 
ooxes. 
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Refractory and insulating concrete linings are usually applied in 
this industry by means of a cement gun. In many cases where the 
movement o£ catalyst can cause abrasion and erosion, metal 
reinforcement must be fixed level with the interior surface of the 
lining so that abrasion and erosion resistance can be improved. The 
aggregate commonly consists of expanded clays and shales, sometimes 
mixed with vermiculi te or crushed insulating firebrick. 
4.8.4 Gas am. Cbke ~,7,9 
Refractory concretes are used here for the manufacture of a great 
variety of furnace components . They are commonly used for 
foundations, doors, keys, tones, door frames, charging openings and 
viewing windows for the coke, while in the gas industry it is common 
to use refractory concrete for lining retorts, pipes, cooler floors, 
reduction chambers and for the construction of foundations. As can 
be seen from recent papers, the use of refractory concretes is being 
continuously extended in both fields. However, some applications 
need special mixes as well as special precautions. This can be seen 
in the case of the base and domes of reactors in oil or coal 
gasification plants, where only white HAC castables are recommended, 
while a porous insulating concrete made by foaming fused alumina and 
white HAC is sui table for special high-duty tunnel burners. 
75 
4 . 8 . 5 Boiler Indust:J:y and Cl::l"rlOOsticn Olambersl, 7 , 9 
Refractory concretes were used at a very early stage in this field. 
They found special favour in the construction of tube baffles. They 
were found to be definitely adequate, as many problems, which are 
diffieul t or costly to overcome by the use of refractory clay til e, 
can be solved. Refractory and insulating concretes are also used in 
water-tube boilers for front and rear walls. However, stoker 
arches, particul arl y ignition arches, may require the use of white 
HAC (72-80% of Al20:3) together with a high refractoriness aggregate. 
Firebrick and HAC concrete is often used to construct the ash-
ooppers below coal-fired water-tube boilers, while chromite and HAC 
castable is used for Baileys, stud walls and for stoker surrounds. 
Foundation slabs and other applications, including stokers, ignition 
arches, guillotine doors, rear wal ls, down take walls, flat rear 
roofs and flue baffles, are all insulated with refractory or 
insulating concretes in s hell-type boilers. 
Various combustion chambers benefit from the use of refractory 
concrete, especially those which are used in the concentration of 
sulphuric acid. Also small combustion chambers for domestic oil-
furnaces, linings for solid-fuel stores, and firebacks (75% of 
firebacks manufacture d in the UK and Eire each year are based on 
refractory concretes) for open coal fire grates are all readily cast 
in refractory concretes. 
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4.8.6 Power ~,7,9 
From the infonnation existirlg- in the published technical literature, 
it appears that the introduction of refractory concretes into the 
electrical generating industry has taken place fairly rapidly and 
without any exceptional difficulty arising. The most important 
applications so far have been in the construction of power stations 
in general and to boilers in particular. A great variety of 
possible applications presents itself in this field, especially as 
excessively high temperatures are n:Jt encountered. 
4.8.7 '!he 01Emical ~,7,9 
Thennal properties of refractory concrete are n:Jt the main interest 
in this industry due to the fact that the temperatures encountered 
in most of the plants are in t h e middle range. Its mechanical 
properties, resistance to wear and chemical resistance are the most 
important factors governing its use in this field. FUrnaces used for 
the roasting of iron pyrites and the ores of n:Jn-ferrous metals have 
been constructed of refractory concrete and have proved successful 
in operation. Also in this area the reduction in cost in comparison 
with similar plants in which refractory bricks were used, was of the 
order of 40 to 50%. The operating life was increased two or 
threefold. In the oil industry in the USA refractory concretes have 
n:JW been successfully used for a number of years in refinery boilers 
as well as in oil distillation plants. 
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Refractory concrete components are also being used in the USA in 
reaction fw:naces in which phosphorous is extracted from phosphates. 
The durability of this type of lining has been found to be 
satisfactory, while precast refractory concrete units have also been 
used in resistance furnaces in the nitrogen fertilizer factory. 
4. 8. 8 Airp:Jrts arrl Aircraft ~' 7, 9 
Refractory concretes are s uitable not only for use in the plants 
which have already been mentioned together with the other similar 
plants which operate at elevated temperatures, but they may also be 
used in place of normal (dense) concretes for the construction of 
slabs and similar structures which, due to their special operating 
oonditions, are subject to sudden temperature variations. Both take-
off areas of jet aircraft and rocket launching pads are subjected to 
the effect of the exhaust gases of the jets or rockets. The 
investigations done by P.H. Peterson7 into the damage caused by jet 
aircraft to landing grounds has shown the necessity of using this 
material in the construction of landing grounds. 
4.8.9 Applications in Newer Industries1, 7,9,13,18 
The trend towards higher operating temperatures in atomic reactors 
has developed interest in the possible use of refractory concrete 
for the interior of the reactor pressure vessels. Light-weight 
insulating HAC concretes also present advantages in this situation. 
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The testing of gas turbine engines at manufacturing plants situated 
in populated areas presents a noise problem, and sound- absorbing 
mufflers or silencing cells must be provided for the exit gases. 
Many large refractory concrete or insulating concrete s tructures 
have been buil t to serve these purposes. 
Refractory concretes have also been used for parking bays, the test 
area in trials of verti cal t ake off a i rcraft, casting of rocket 
exhaust deflector pads and many other fields. 
4.9 NEW DEVELOPMENTS1' 7' 9,l3 
Recent developments in refractory concrete technol ogy fall into two 
categories: those made in r esponse to problems peculiar to the heat 
intensive industries and tlx>se in response to problems that are as 
common to the civil engineer as they are to the refractory 
engineer. 
The first category includes n:JVel techniques for r emoving moisture 
from f ully cured refractory concrete Wli ts. For example, microwave 
drying avoids the dangerous formation of high pressure steam within 
the concrete matrix upon "first firing". In the second category, 
progress has been made in areas s uch as improving the flexural 
strength of refractory concret es and decreasing its porosity. Such 
advances, and the availability of purer calcium aluminate cements, 
have enabled refractory concretes to take up to half of the 
refractories market. 
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Steel fibres are u sed to provide integral reinforcement in 
refractory concretes. Expectedly flexural strength and impact 
resistance are enhanced (Figure 4.10) . However, since 1980, 
stainless and carbon steel fibres have been employed in dense 
refractory concretes up to 1600°C to improve properties such as 
thermal slxx::k resistance and flexural strength at elevated, as well 
as ambient temperatures. Applications for steel fibre reinforced 
refractory concretes will undoubtedly expand from traditional uses 
in process industries. Applications of steel fibre reinforced 
refractory concrete are discussed in Chapter 5. 
4.10 PHYSICAL PROPERTIES OF REFRACfORY ~ 
There are various physical properties and tests which are standards 
in the refractory industry and information on these properties is 
usually provided in the material specification. Among the most 
important properties are: the strength, thermal sh::d< resi stance, 
erosion and abrasion resistance. 
4.10.1 Specific Gravity 
The specific gravities of refractory concretes are functions of 
their ingredients, the cement and aggregate type, and the mix 
proportions of their composition. It is therefore self evident that 
fixed values for specific gravity cannot be gi~ The lower limit 
for the specific gravity of a concrete is fixed by the S.G. of the 
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lightest oonsti tuent, whereas the upper l imit is determined by the 
heavy aggregates. 
4.10.2 Strer:yU1 Before Firing 
The strength behaviour depends up:>n many factors. These include the 
proportions of the cement and the aggregates, the type of aggregate, 
the gradi ng, the water/cement ratio, the type and duration of 
curing, drying methods and so on. Generally the cold strength of a 
refractory concrete mix develops at the same rate shown by HAC 
concrete containing ordinary aggregates. I nitial set occurs in 4 to 
5 hours and final set about 30 minutes later. Adequate strengths 
are obtained within 24 oours with compressive strength ranging from 
48- 70 MN/m2 (wi th s t rong dense aggregates such as fused alumina, 
s ilicon carbide, sillimani te, basalt etc) down to 3.5-10 MN/ m2 (with 
very light weight aggregates such as perli te, ·vermiculi te and 
diatomite). Some additions can improve the strength; for instance 
the use of magnesium chloride in vermiculi te HAC mixes can cause an 
increase of 18- 290% in the 24 rours strength.1 
The flexural strength (MOR) usual l y l ies between 3 .5- 10 MN/m2 for 
concrete made with the stronger aggregates and less than 1 MN/ m2 for 
light weight refractory concretes. The dynamic modulus of elasticity 
is naturally very dependent on the nature and proportion of 
aggregate, typical dynamic moduli of elasticity being in the range 
27- 42 GN/m2• 
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4.10. 3 f.t:rlulus of Rupture Du:r:in:J and After F:iri.ng 
Very little data has been published on these properties which vary 
nJt only with temperature and firing history, but a l so with distance 
from the hot face. Since the heat is applied almost without 
exception from one side only, this fact makes it very difficult to 
assess or compare the in situ performance. When a refractory is 
heated, the free lime and then the combined water, is driven off so 
that the hydraulic bond, which is responsible for the high cold 
strength, is weakened. With rising temperature, the hydration 
process is definitely stopped and then the dehydration of the 
cement-hydrates and the alumina gel takes place. This phenJmena is 
largely completed at 500°C and the residual s trength is mainly 
associated with effectiveness of the cement products to fill the 
spaces between t he aggregate particles. The strength at this time 
can be maximized by reducing the voids within the concrete and 
increasing the volume of cement products. Under hot, wet 
conditions, the hexagonal hydrates convert to cubic hydrates, 
reducing the unfired strength. This effect is rx:>rmally minimized in 
civil engineering by oool curing but sh:Juld be actively encouraged 
with refractory concretes as it allows more hydration in the limited 
time available. The fired strength of a refractory that has 
undergone conversion i s never lower, and usually considerably higher 
than the same material in which conversion has been prevented. 
At higher t e mperatures ( 500- 700°C) the cement can begin to react 
with the finer aggregate particles, first as a solid and then more 
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quickly as traces of eutectic which produces the ceramic OOnd. This 
bond results in an increase in the strength (after cooling) of 
concretes which are fired above the appropriate temperature. 
Generally, it is the high fines content that i mproves strength 
during the intermediate period. The temperature at which ceramic 
oond formation commences may be as low as 800°C but more commonly 
1100°C with a good quality refractory. The strength after firing is 
at a minimum when the temperature (and its duration) is sufficient 
to dehydrate the hydraulic oond witlx>ut being high exx>ugh to produce 
appreciable ceramic oonds. Before this point rot strength is often 
greater than that after cooling but beyond it the hot strength is 
reduced and the cold strength increases (often to more than the 
original unfired strength). 
Many workers1 ' 7 ' lB, 20 have studied the factors which affect this 
minimum level of strength. It is obviously dependent to some extent 
on the physical characteristics of the aggregate and hence on the 
strength of the concrete before firing. Moreover, the in£luence of 
the initial strength is by no means negligible. The best way to have 
a good quality concrete in the first place is to employ well- graded 
aggregates, to ensure thorough compaction of the mix and to avoid 
unduly "sl oppy" mixes. 
It is also important to mention that the few studies of hot 
strength20- 24 have shown that the variation of strength with 
temperature is actually smal l. This is not surprising since many 
refractory castables have good spalling resistance, which would be 
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unlikely if there was a marked variation in strength. Typical 
curves from early studies on rot strength20, 24 are smwn in Figures 
4.11 and 4.12. It can be seen from these curves that there is a 
decrease with increasing temperature and the rot strength is always 
less than the room temperature strength. Recently, castable 
refractories have been developed which have much higher hot 
strengths than room temperature strengths. Figure 4.13 compares the 
hot strength of an early refractory ( castable K) with that of an 
improved refractory (castable H-30). 
4.10.4 Resistance of Refractory Concrete to Abrasion and Erosion 
Effects 
In many industrial uses, refractory materials are subjected to 
erosion and wear; good resistance to these effects is very 
important in ensuring long life. 
Researchers1' 2 ' 7 , 13, 25 have investigated the abrasion and the 
erosion properties in different refractory applications. The 
earliest investigations in this direction took place in the 
petroleum refining industry7. The results of these investigations 
showed that refractory concretes, especially concretes made with 
cement of high alumina content, possessed good resistance to erosion 
and abrasion. Also the distinction between the effects of abrasion 
(or wear) and erosion has been pointed out from these 
investigations. In the case of abras ion it is the whole surface of 
the material that is attacked, while in the case of erosion only 
trose mineral phases which have the lowest strength are attacked. 
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A direct relationship between compressive strength and/ or cement 
content, on the one hand, and the rate of erosion on the other hand, 
was plotted as a result of t hese investigations (Figures 4.14 and 
4.15), In recent work25, the effect of Al2o3 content on the wear 
rate for castables was established. It was confirmed from this work, 
as shown in Figure 4.16, that wear (abrasion) rate decreased with 
increasing Al2o3 content for all kinds of castable. Also it was 
reported that the wear rate of castables containing <60% of Al2o3 
was independent of HMOR while the wear rate of the castables 
containing >60% of Al2o3 decreased gently with increasing HMOR 
(Figure 4.17) 
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TABLE 4.1: SOME OF THE WIDE RANGE OF NATURAL AND SYNTHETIC 
AGGREGATES AVAILABLE ( 18) 
A REGULAR DENSE CO~JCRETES 
' 
CLASSES OF AlUMINA·SiliCA·IASE tASTABLE REfRACTORIES 
TEST REQUIREMENTS 
CLASS A CLASS B CLASS C CLASS D CLASS E Cl \SS F CLASS G 
PERMANENT LINEAR SHRINK· 2000 F 2300 F 2SOO F 2700 F 2900 f 3100 F 3200 F 
AGE NOT MORE THAN t.S (109S Cl (1260 Cl (1370 Cl (tuD Cl (1S9S Cl (17DSCI (1760 Cl 
PERCENT WHEN fiRED fOR 
S hAT 
B INSULATING. CONCRETES 
CLASSES Of INSULATING tASTABLE REfRACTORIES 
TEST REQUIREMENTS 
CLASS N CLASS 0 CLASS P CLASS 0 CLASS V 
PERMANENT LINEAR SHRINKAGE NOT MORE 1700 F 1900 F 2100 F 2300 f 3200 F 
THAN 1.S PERCEJoiT WHEN FIRED FORS hAT (925 Cl (1040 C) (ttSO Cl (1260 Cl (1760 Cl 
MAXIMUM BULK DENSITY,Ibfhl (kg/mll ss (881) . 6S (1041) 7S (1201) 9S (15221 10S (16821 
AFTER DRYING AT 220 TO 230 F (104 TO 
110 Cl 
•ASTM C401 
TABLE 4.2: REGULAR DENSE AND INSULATING REFRACTORY CONCRETES 
(ASTM C40 1) 
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CLASS LOW PURITY INTERMEDIATE PURITY HIGH PURITY 
BRAND A B A B A B 
AJ 2o3 41.0 40.0 55.0 51.0 79.0 73.0 
CaD 37.0 37.0 37.0 40.0 18.0 25.0 
Si02 9.0 3.0 5.0 6.0 0.1 0.7 
Fe2o3 11.0 18.1 1.5 0.6 0.3 0.3 
TABLE 4.3: CHEMICAL COMPOSITION OF CALCIUM ALUMINATE CEMENTS 
T)pc of H.A.C. Derh·ation Colour of Al,O, CaO SiO, Fe10 1 F.O :\!gO TiO, 
Cement ~ ~ 'I ·~ 0/ '/ ·~ 
·• .. '• 
,. ..
) Ordinary grades From red bauxite Very dark 36.0 36.0 3.5 0.1 1.0 0.5 0.5 
of H.A.C. (a) by fusion grey to to 10 to tO 10 to 
(b) by reducti\'t fusion 10 54.0 42.0 9.0 14.0 7.0 1.0 2.5 
, .• .,. light 
From Jow·iron (white) grey 50.0 37.0 4.0 0.1 0.5 0.5 0.5 
bauxite 10 to to to tO 10 to 
55.0 39.0 6.0 3.0 4.0 1.0 2.0 
) Alumina-fonified Addition of AI,O, to Grey-white 68.5 23.5 4.0 0.1 0.3 0.4 0.5 
H.A.C. H.A.C. made by 
reductive fusion 
) \\'hite H.A.C. From AI,O, by (I) 72.75 24.27 0.1 0.2 Tr. 0.25 Tr. 
(72-80 ~ Al,O,) sintering or fusion \\bite (2) 79.0 18.0 0.1 0.3 Tr. 0.4 Tr. 
TABLE 4.4: SU~~RY OF TYPES OF HAC USED IN REFRACTORY CONCRETES 
(Ref 1) 
Con· France GermAny CA-C>ement CA,-("f'~nt USA (69) FrAnce 
etitu- SECAR Roltmd•· (13) (13) ~ECAR Z 
ente (12) hUtte Super (G3J 
[12] 
( .. t. ~·) (wt.%] [wt. ~0] [wt.~~] [wt.~~] {wt. ~0] 
AI,O, G4,2 G8,6 62,8 72,7 81,3 71) 
···i2 
CaO 34,1 24.9 35,6 26,6 17,4 zr. ···2~ 
RiO, 0,4 2,9 0,6 0,3 
- 0,5··· l 
Feo10 1 0,3 0,4 M 0,2 (1,3 0,5··· 1 
M gO 0,6 0,6 O,G 0,3 O,G 
-
TABLE 4.5: THE CHEMICAL COMPOSITION OF HIGH-ALU!UNA CEMENTS 
(From various sources of information) 
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TYPICAL 
CHEMICAL CALCINED CALCINED HIGH PURITY A LUMINA 
COMPOSITION FIRECLAY ALABAMA BAUXITE tALC. S. A. BAUXITE SINTEREO OR fUSED CHROME OR 
" 
40· so-. AI201 60% AI201 TO% All 01 10 90% AI201 99 •% AI201 (PHILLIPINE 
SIOl 40-11 34.9 21.9 7.0 0.06 5.1 
Al2o1 40-50 60.6 70.1 17.5 99.5 31.0 
fr:Ol . 0.5·1.5 1.3 1.1 2.00 0.06 15.5 
Ti02 . 1.0-2.0 2.1 2.1 3.25 Tr. -
c.o 0.1-0.2 0.07 0.05 Tr. Tr. 0.1 
MojO 0.05-0.1 0.12 0.03 Tr. Tr. 16.0 
C•201 - - - - - 31.5 
ALKALIES o.s. 1.5 0.11 0.13 Tr. 0.07 -
P.C. E. 30-34 37·31 31-31 31• N.D. N.O. 
BSG 2.4-2.6 2.7·2.1 2.15·3.0 3.1 3.4-3.6 (SINTERED 3.1 
3.1-3.9 IFUSEO) 
OPEN-
POROSITY% 3·10 3-7 C-10 12-20 5.0 (SINTEREO) 
> 
0·31FUSEO) 
TABLE 4.6: AGGREGATES USED IN DENSE REFRACTORY CONCRETES 
GENERIC NAME PER LITE hPANOED SHALE EXPANDED AlUMINA 
(HAYDITE) FIRECLAY BUBBlES 
TYPICAL CHEMICAl COMPOSITION 
% 
AI 203 19.5 24.0 27.1 99.0 
SiOz 70.0 63.0 64.3 o.a 
FtzD3 0.8 ~5 2.1 0.15 
Ti02 0.1 1.5 2.0 Tr, 
ALKALINE EARTHS 0.3 4.0 0.8 Tr. 
Ai.KALIES 8.2 2.0 3.3 o.s 
BULK OENSITY,Ibfhl 9 ·11 SS-60 28·32 34-38 
PYROMETRIC CONE EOUIVALENl' 8·11 N.D. 27 >38 
Of 2300.24 50 2980 >3400 
TABLE 4.7: LIGHTWEIGHT AGGREGATES USED IN REFRACTORY INSULATING 
CONCRETES 
91 
------------------------------------------------------------------, 
Type of Additive F\Jnction % by Weight of 
the Cement 
Raw fireclay Ir=easing the plasticity and 10-15% 
bentonite water-retention of the wet mix 2- 3% 
Fireclay or Reducing the rebound of aggre-
or china-clay gates in guni ting or in the 20-100% 
preparation of mixes for 
trcMelling and refractory brick 
pointing 
Topaz power Improving strength above 870°C 
Sodium aluminate Improving strength at noderate 2- 3% 
temperature 
Raw kyanite Improving hot strength and redu-
cing high temperature shrinkage 
Wetting agents Giving freely oorkable mixes 
inorganic sus-
pendant 
Calcium Reducing the setting time to a 1- 3% 
chloride few minutes 
TABLE 4. 8: sa1E ADDITIVES USED IN REFRACIQRY CONCRETES 
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TABLE 4.9: 
AGGREGATE SIZES 
IN RELATION TO 
THICKNESS OF 
CONSTRUCTION 
TABLE 4. 10: 
AGGREGATE SIZE 
IN RELATION 
TO THICKNESS 
OF 
CONSTRUCTION 
T~pe of 19_3 
concrete by 'iolurne 
> 50mm 
-
thick 
> 1 OOmm 7 _, 
thick 
t1ortar 
-
Thickness of construction 
( mm ) 
< 20 ( 0.8 mm ) 
20 to 50 ( 0 .5 in to 2 in l 
50 to 1 00 ( 2 in to 4 in J 
100 lo 200( 4in to 8 in) 
,200 ( 6 in ) 
Thickness of construction 
(mm) 
< 80(32in) 
80 to 150 ( 3.2 in to 6 in) 
>150(6in) 
L9 3 
by volume down 
2 L 
.-. 
-
L 
..,~ 
-
.:..:) 
HAC 
Grading of 
aggregate 
( mm ) 
0 to 1 
0 to 1 
1 lo 5 
0 to 1 
1 lo 5 
5 to 10 
0 lo 1 
i to 5 
5 lo 20 
0 to 1 
1 to 10 
10 to 30 
Grading of 
aggregate 
( mm) 
0 lo 2 
2 lo 5 
0 to 2 
2 to 5 
5 lo 10 
0 to 2 
2 to 5 
5 to 10 
10 lo 25 
HAC/cu yo 
b•J volume of concrete 
i 770 lb 
i 730lb 
1 • 940 lb 
T.'I.BLE 4. 11: TYPICAL MIXES FOR THICKNESS OF 50-100 mm 
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FIGURE 4.6: GUNNING METHOD 
FIGURE 4.7: GUNNING METHOD 
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FIGURE 4.12: STRENGTH OF 50% Al 2o3 CONCRETE AS A 
FUNCTION OF TEMPERATURE25 (After Bakker, W.T) 
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OJAPl'ER 5 
FIBRE REJNFOR<»>ENl' OF REFRIICIORY CASTJ\BLES 
5.1 INTROOUCI'ICN 
The reinforcement of refractory castables, using steel fibres, was 
first performed in the USA in 19701 and proved to be a major advance 
in refractory technology. Whah1 Refractory Products of Ohio was, at 
that time, the only available sou=e of this new product. However, 
by the end of the 1970s at least five manufacturers were involved in 
this field, in addition to many other companies experimenting with 
their own proprietary products. 
The trend of increased use of steel fibres'in monolithic 
refractories (principally refractory castables) continued in many 
countries. For example, during 1976 in the UK, a variety of 
industries used 200 tons of steel fibre to reinforce refractory 
castables. A year after, this usage was increased to two or three 
times that level2• Estimated use is now more than 600 tons per year 
as numerous steel companies are producing and/or using these 
reinforced castables. Historically, the chief reason for using 
reinforcement by steel fibres was to improve the resistance to 
thermal stress (in particular during thermal cycling), thermal 
shock, abrasion, mechanical abuse and erosion. Also it is used to 
provide improvement in resistance to gross cracking and spalling in 
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applications where these factors have limited the service life of 
the refractory. However the presence of fibres does oot necessarily 
prevent cracking of the refractory in service; their presence is 
mainly to provide a mechanical means of binding to the refractory 
after cracks occur (Figures 5.1 and 5.2) so that the chance of 
catastrophic failure will be reduced. This is due to the fact that 
fibre reinforcement transforms the conventional refractory from a 
brittle material to a tough and tenacious composite (Figure 5.3). 
5.2 THE CURRENT THEORY ON THE REINFORCEMENT OF A REFRACI'ORY 
C'JISTABLE 
Steel fibre-reinforced castables have higher hot flexural strength 
and greater resistance to spelling, thermal shock and mechanical 
impact than plain castables (see Figure 5.3). The cu=ent theoif on 
the reinforcement of a refractory castable by steel fibres can be 
explained by the diagram 5.4. The refractory castable obtains its 
initial strength from an hydraulic bend formed by a reaction between 
the binder and the water. This forms a concrete-like material. As 
the refractory is brought up to operating temperature, the hydraulic 
bend is replaced by a ceramic bend formed by the reaction of the 
binder and matrix and the consequent formation of glass compounds. 
Both the hydraulic and ceramic zones usually have adequate strength. 
However, a weak zone is formed between these two where the 
temperature is high eoough to weaken the hyraulic bend, but oot high 
enough to form good ceramic one. This is the area where the fibres 
are of special importance. The hot face temperature may far exceed 
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the oxidation resistance temperature of the metal fibre. The best 
stainless steel available (Type 330) will only resist oxidation up 
to about 1178°C; yet metal reinforced castables have been used with 
hot face exposures in excess of 1650°C. This is due to thermal 
gradient across the refractory. 
Away from the hot face, this gradient allows the fibre to retain 
enough of its physical strength to "knit" the three =nes together 
as one unit. The fibres not only retard =acking, but when =acks do 
occur, they hold the =acks tight and keep sections from spalling. A 
thermal gradient may also be caused by cyclic heating conditions 
such that the mean temperature ddes not reach that of the 
environment. 
5.3 TYPE OF STEEL FIBRES USED IN REFRACrORY <XN::RIITES 
Steel fibres have been used in all the three types: refractory 
castables, gunning mixes and mouldables. However, castables are the 
greatest beneficiary in this field. Drawn wire, slit sheet and melt 
extract steel fibres have all been successfully used as 
reinforcement in refractory concretes. 
The first study on the effect of addition of stainless steel wire 
fibres on the performance of a refractory castable seems to be due 
to Lankard and Sheets4 who confirmed that the incorporation of 1 to 
2 vel% of wire fibres in refractory castables provides a significant 
improvement in flexural and compressive strength. The wire used in 
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this study was type 310 stainless steel, 0.33 mm in diameter by 
25.4 mm in length. They concluded that, depending on the 
application, other types of wire fibre could be used in place of 
type 310 stainless steel. Type 446 stainless steel resists 
progressive scaling in continuous service to 1176°C, type 310·to 
1150°C, type 309 to 1090°C, and types 302, 304, 347, 321 and 316 to 
about 930°C. carbon steel exhibits scaling above 430°C. 
StrovaneK et a15 have investigated the behaviour of fibre-reinforced 
castables at high temperature. This study included tests on 
castables at two alumina contents with stainless steel fibres 
produced by several processes. All fibres had a nominal length of 
2.5 cm and were of the stainless type of 302 and 304. 
Benefits from the addition of these types of stainless steel fibres 
were derived from the formation of a ductile grid, which can hold 
the weakened castable together after cracking, and thereby reduces 
the likelih::Jod of catastrophic failure. 
Much research has been carried out throughout the world2,3,5,6, 7 and 
the results of these researches =nfirm that most of the carbon or 
metal fibre types can be used in refractory =ncretes. However, the 
prioe of raw materials and the high cost of conversion from rod to 
fibre wire were major limitations of the use of such fibres. This 
led in 1974 to the Battelle Corporation of Ohio introducing a new 
process, "the melt extraction process". The stainless· fibres 
produced by this process are considerably cheaper than stainless 
105 
steel drawn wire fibres and can be made available in a variety of 
cc:rrq;JOSi tions. 
5.4 <X:NE'T OF STEEL FIBRE REINFURCH1ENT 
Under certain conditions, the presence of steel fibres in refractory 
concrete permits the concrete to carry a tensile or flexural load in 
excess of that which would cause the plain concrete to fail8. 
Additionally, the work required to pull the fibres from the =acked 
concrete matrix imparts a degree of ductility to this otherwise 
brittle material. According to the equation: 
(5.1) 
Many parameters affect the ultimate stress required to fail a steel 
fibre reinforced concrete composite in tension br flexure. These 
parameters are: the fibre amount (Vf), fibre aspect ratio (L/D), 
fibre/matrix bond strength ( T) and fibre orientation (K). 
Figure 5.5 shows a typical flexural load-deflection relationship for 
a sFRR___:_ beam. For this example the values of vf, T, and L/D are such 
that the ultimate load carried by the composite [crultl is the same 
as the load which resulted in the failure (cracking in flexure) of 
the concrete matrix ( crcr>· At deformations exceeding that at the 
point of failure of the matrix, the fibres carry all of the flexural 
load, which in this case is less than the maximum load carried by 
the uncracked composite ( cr =>· For refractory concrete in service, 
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it would be desirable if, after =acking of the con=ete matrix, the 
=mposi te =uld carry a flexural load in excess of that required to 
crack the matrix ( crul t > crbr>· 
The relationship shown in equation 5.1 indicates that increases in 
crult can be achieved by increasing vf, L/D or T. This prediction has 
been verified by laboratory experiments9. Additionally, in=ease in 
V f' L/D or T also provides an in=ease in the flexural toughness or 
energy absorbing capacity of the fibre reinforced =mposi te as shown 
in Figure 5.6. 
5. 5 PROPERTIES OF STEEL FIBRE RElNFORCEJ REFRJ\CIDRY aN::RErES 
Since they were first introduced around 1970, SFR refractory 
=ncretes have been shown to have improved performance over 
unreinforced castables and other refractories· in a number of 
applications. The improvements have been gained due to the ability 
of steel fibre reinforcement to provide an increase in: 
1. Resistance to mechanical abuse (Figure 5. 7) 
2. Resistance to thennal shock damage (Figure 5. 8) 
3. Resistance to stress damage 
4. Resistance to spalling 
5. Resistance to =ack fonnation and grcMth. 
Many studies have been carried out8, 5,l0 to determine more precisely 
the mechanical property contribution of the steel fibres to castable 
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service life, and to assess property and service life gains versus 
the additional material costs to focus on applications which ooul.d 
benefit from the use of reinforced castables. Both hot and cold 
properties are generally improved through fibre addition. 
Figures 5.7 to 5.11 show the effect of steel fibre reinforcement on 
properties of refractory concretes. 
5.6 DESIGN AND FIBRE SELECTION11,12,13,14 
'I1l.e effectiveness of the reinforcement is controlled by a number of 
factors as well as by the parameters of the service environment. 'I1l.e 
major factors to consider when designing a steel fibre reinforced 
refractory are: refractory type, fibre size, alloy and fibre 
content. 
5 .6 .1 Refractory Type am ~i ty 
As already mentioned, steel fibres were successfully used in most 
types of dense, medium and lightweight monolithic refractories 
including hydraulic setting, acid bonded castables, gunning, 
rammables in addition to plastic/mouldable refractories. 
It is also important to note that for each type of application, it 
is necessary to choose the most suitable type of refractory by 
taking into consideration many factors such as the environment in 
which it is required to operate, and the maximum temperature of the 
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application. Fibre reinforcement is no substitute for a badly 
selected refractory, and cannot help a refractory to perform above 
its melting temperature. 
5. 6. 2 F.1bre Size 
Steel fibres used in refractory concretes have,typically ranged from o.254 
to ·. 0.508 mm diameter, and from 19 to 50 mm in length. These fibres can 
be prepared by chopping a drawn round wire or by slitting and 
chopping a thin steel sheet. More recently fibres have been 
manufactured by the melt extraction process. This metlxld proved to 
be a solution to the cost and physical characteristics problems and 
to be the unique process which produces a fibre that is well suited 
to the reinforcement of refractories. These fibres are free of 
surface lubricants and they have an irregular cast surface texture 
and a high surface area/volume ratio. These characteristics provide 
mechanical bonding of the fibre into the refractory material. The 
cooling rates incurred during the formation of the fibre are so 
rapid that the grain structure in the fibre is extremely fine and 
provides a higher strength material. 
Recently the standard fibre sizes of any type of steel fibre have 
been specially developed to ensure ease of handling and rapid 
dispersion within the refractory during the mixing cycle. 
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5. 6.3 Alloy Selecticn 
The various alloys of steel available'in fibre form all respond 
somewhat differently to exposure to elevated temperatures and 
potentially corrosive gaseous species. 
F= ease of identification and selection steel fibres are classified 
by their primary element compositions. These primary elements should 
be carefully chosen in order to maximise high temperature 
performance. The content of important minor elements such as 
silicon, manganese, carbon etc within each alloy should also be well 
chosen to improve the performance of steel fibres as a reinforcement 
for refractories. 
Actually, major factors governing the performance 'of steel fibre as 
a reinforcement for refractories are resistance to hot corrosion and 
strength retention at elevated temperature. Testing has shown that 
the single most important element contributing to hot co=sion and 
oxidation resistance is chromium content, whereas high temperature 
strength is governed primarily by nickel content (Figures 5.12 and ( l 
5.13). f., Fibre Technology Ltd has data on a standard range of alloys X 
which provides the necessary resistance required in various 
atmospheric and temperature environments of industry. This data is 
summarised in Table 5.1 which gives guidance on alloy selection for 
a range of atmospheric conditions. The alloy shown with a corrosion 
rate of "1" is the best for the specific condition. 
llO 
-----------------------
Generally, for refractory applications where improved resistance to 
damage from thermal shock, thermal cycling, crack control or 
spalling are required, non-nickel bearing alloys are the most cost 
effective. However, for structural components where increased hot 
strength of the refractory is required, providing they also satisfy 
the hot corrosion requirements, nickel bearing alloys are the 
preferred choice (Table 5.1). 
5. 6.4 Fibre O::ntent 
Fibre content, which is the most important parameter influencing the 
physical characteristics of SFR, is normally expressed in terms of a 
weight percentage (wt%) of the dry refractory material. and falls 
within the range of 3-6% for most applications. 
In general, the performance of SFR (steel fibre refractory) will 
improve appreciably as the fibre content is increased from the 
minimum recommended level of about 3%. For applications where the 
refractory is required to operate at soaking temperatures above 
ll50°C, fibre content preferably should not exceed 6%. This is due 
to the degradation of the fibres and their reaction with the matrix 
at these temperatures. The degradation process increases with 
increasing fibre content. Medium and dense refractories fibres 
produced by Fibre Technology (FIBRETECH ME fibres) may have been 
considered to be more effective, a.'.l reported by this company, at a 
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fibre content of 4% by weight. Recently a technique has been 
developed which panni ts the incorporation in refractory concretes of 
steel fibre reinforcement far in excess of the previous 2 = 3 vol % 
maximum. Figures 5.10 and 5.11 show the effect of fibre content on 
flexure and compressive strength of fired castables. 
5. 7 MIXII'G, l'IJICIN} AND CXMPACriCN 
All of the techniques which have already been mentioned in mixing 
procedures of refractory castables (see C~apter 4) can be used to 
prepare steel-fibre containing castables. 
The fibres can be either added to the dry mix or dispersed into the 
castable following addition of the water. For small jobs, the fibres 
can be dispersed by hand into the mix, while for larger jobs 
mechanical dispersers have been used. 
It is important to note that caution must be exercised to ensure 
that steel fibres do not enter the mix in compacted clusters. The 
addition of steel fibres to a castable mix, particularly a wet mix, 
substantially reduces its workability. It may be necessary to 
increase water/cement ratio, to use a water-reducing admixture, or 
alter the gradation of the aggregate to maintain satisfactory 
' handling and placing characteristics. However, it is worth noting 
that the effect of melt extract fibres on the workability of 
hydraulic castables is substantially lower than that of conventional 
drawn wire fibres. Once mixed, castables containing fibres can be 
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transported, placed and finished in the same manner as conventional 
castables. 
Refractory concretes, especially refractory castables, containing 
steel fibres have been used in various industrial and non-industrial 
applications over the past several years. The few quantitative data 
available from these applications show great success. Users are, 
oowever, still dealing with this new material without arw extensive 
information on its properties. One of the primary industries using 
steel fibre reinforced refractories and realising substantial 
refractory performance improvements is the iron and steel~. 
other major users of steel fibre reinforced refractory include the 
petrochemical industry, power industry and the rock and clay 
products industries in addition to many other fieldsl2,15,17,19. 
5.8.1 SFR in the Ircn and Steel ~,11,15,19 
~-esul t of significant damage caused by the severe erosion to 
the tundish covers, one steel company reported that, with an 
ordinary castable, it was necessary to patch them every 20 heats, 
and that around 90 heats they were replaced. However, the covers' 
life was extended to around 140 heats with no patching required when 
4% by weight of melt extract fibres (35 mm long, 304 grade) was 
added to the conventional castable. SFR has also been used to line 
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small tundishes to reduce spalling during slag removal. Molten metal 
spills damaged the pouring vessel structures, but this has been 
prevented using 3% by weight of melt fibres (grade 430). SFRC, to '/._ 
which calcium carbide has been added for desulphuring, has also been 
used to make the T-shaped paddles that are used to stir 1560°C 
mol ten iron. The service life of most conventional materials in this 
application is 30 to 70 heats, but SFR has improved it to 130-150 
heats. Similarly ladle degasser covers have had service life 
increased from 3 or 4 to 70 heats. 
SFR has been used extensively in soaking pits including covers, 
oopings and around bottom fired burner ports. In the case of the 
burner ports and =flings the fibres produced a material more shock 
resistant to the mechanical abuse in these areas during loading and 
unloading of billets. In the cover, moreover, the substantial wear 
and degradation, which significantly damaged the unreinforced 
refractory in this area, has been reduced by using SFR. Also, in 
the coke oven doors, the use of SFR has improved the resistance to 
thermal/mechanical shock. Even though carbon steel fibres have been 
used in reinforcing coke oven doors, stainless steel fibres have 
shown much better performance. It is recommended that fibres used 
in this application should have a low nickel content to avoid 
sulphur attack. 
Skid rails, walking beam and insulation tiles, all have gained from 
the successful results of using SFR. Also, as was explained before, 
the service life of conventional refractories is limited by 
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mechanical failure (spalling or cracking due to the mechanical or 
thermal shock or thermal stress) in all types of furnaces. However, 
the application of this new material has been very successful and is 
similar to that in the tundish covers and primarily concerned with 
the erosion of the refractory back only to some limiting thickness. 
The reliability of the refractory in the electric furnace delta 
section is great! y increased because of the extra strength inherent 
in the reinforcement and the ability of the refractory to hold 
together even when =acking is present. In the basic oxygen furnace 
(BOF), the hood and stack suffer high thermal shock due to 
temperature cycling and water sprays. However, they have been 
successfully gunned with SFR containing 4% by weight of 304 grade 
melt fibre. Also, reheat furnace door life has been increased by 
three or four times since SFR was used as an alternative to the 
conventional castable. Other furnaces have the saine improvement by 
the use of such material. 
5.8.2 SFR in the Petrochemical ~1,16,17 
Traditional linings are usually less than 75 mm thick and suffer 
from chemical attack, thermal shock, abrasion, vibration and 
pressure fluctuations. They are always anchored to the steel process 
shell. However the adoption of SFR for high performance thin 
linings has become standard practice in petroleum refining plants. 
These linings have largely replaced the more expensive traditional 
hexmesh and multi-layer anchoring systems, which are more prone to 
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failure and are difficult to repair. Today, steel fibre 
reinforcement refractory concrete SFR has found its way into every 
part of the petrochemical industry since it has been found to be 
quicker and less expensive to install, is more effective, and 
requires less maintenance. Applications exploiting improved 
resistance to vibration and erosion include slide valves, breaching 
areas, venturi, transfer lines, risers and cyclones, where increased 
erosion resistance is derived from the ability of the fibres to 
reduce cracking and to eliminate "rate holing" at cracks. SFR 
linings exhibit uniform wear characteristics and are free of the 
biscuiting and dimpling associated with traditional linings and the 
resulting turbulence and reduced system efficiency. 
Gunned fibrous mixes have also been used to line the relatively 
large surfaces of reformer and reactor vessels, whilst a fibre 
reinforced castable was selected to protect the tr'ansfer lines. 
Installations are also being made in other petroleum associated 
processes such as ooke kilns and carbon block reactors, where SFRR 
is being used to line downstream air induction tubes, burner hoods 
and =se rings, and for precasting carton reactor tubes. 
5.8.3 SFR in the Rock and Clay Products Industries 
Steel fibre reinforced refractories (SFR) are making a valuable 
contribution towards low operating costs in the rock and clay 
products industry. They have been used in both lime kilns and 
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aggregate drying kilns although the major usage has been in the 
cement industry for cement kilns. 
It can be said that SFR are playing an important role in increasing 
the resistance to damage from flexing and thermal shock in the nose 
ring areas of these cement kilns. The operating life of the burner 
hoods has been increased by nine fold using gunned mixes. The 
external refractory coating on burner tubes has always been a major 
problem with conventional refractories. The combined effects of 
flexing, high thermal stress through the wall thickness, thermal 
shock and thermal cycling have previously severely limited 
refractory life. However, the use of SFR in this type of 
application caused an increase in service life of nine times over 
that of the conventional refractory. Steel fibres have also been 
used for kiln car tops in the clay products industry. In use these 
car tops are exposed to both mechanical abuse and thermal cycling. 
The addition of steel fibre to castable mixes has typically 
increased service life by 3 to 4 times. 
5.8.4 SFR in the Pcmer Industry 
The introduction of SFR in the electrical generating industry has 
taken place fairly raidly and without any exceptional difficulties 
arising. The most important applications so far have been to the 
construction of ash hopper linings and boiler systems. The working 
life of these installations has been increased by using this 
material. The need for repairs is minimized and greater utilization 
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of power facilities is being achieved. Thennal cycling and thennal 
shock =nditions, which caused several problems in the ash hoppers, 
have been limited by using SFR. Abrasion and mechanical abuse 
throughout the hopper also demands a high strength and crack 
resistant refractory. However, the steel fibre is demonstratively 
able to impart these properties to the installation. Placement of 
SFR for ash hopper and boiler systems is generally achieved by 
gunning. 
5.9 SG1E EXXNMIC ASPEX:I'S OF THE USE OF SFR 
The overall =ic advantages of using SFR are undisputed. This is 
becoming increasingly clear from all work done on the subject. 
It is generally stated by many researchers that the reduction in the 
construction costs of refractory plants may be anything from 10 to 
50% depending on: 
1. type and form of the refractory products employed; 
2. physical and chemical properties of the fibres used; 
3. type of installation. 
Generally, as has already been mentioned, the major economic 
benefits to be derived from the superior performance of SFRR are: 
1. Increase in productivity 
2. Reduction in refractory cost. 
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Many authors1 •2•3 •11•12 have reported that the life of refractory 
concretes, operating at hot face temperatures up to 1600°C is 
typically increased by 2 to 3 times and in some instances up to 20 
times when stainless steel fibres are added to the refractoxy mix. 
5.10 MEXllANICAL PROPERTIES OF SFR 
5.10.1 M2dlanism of s~ 
Refractory concretes usually perform poorly under the conditions of 
severe thermal and mechanical abuse which are charact:P..ristic of most 
of the applications mentioned in Section 4.7. Eailure of this 
material can also occur due to the cracking induced first by drying 
shrinkage and then by the the:tmal stresses enocvntered in sexvice. 
These stresses are in particular due to the differential thermal 
expansion of steel anclnrages, mesh or hex-mesh reinforcement within 
the refractory and the thermal gradient experienced in hot/cold face 
ocnditions. 
The concept of using steel fibres in refr<>.ctory concretes has been 
outlined in Section 5.4. steel fibre reinforced refractory 
concretes have shown improved performance over unreinforced 
castables1- 19. 
Actually, the normal techniques of reinforcing concrete with 
ocntinuous mesh or bar reinforcement is often not practical because 
of the high temperature and differentials in thermal ocefficients of 
expansion between the materials. However, because the steel fibres 
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are of limited length and diameter, very small expansions are 
realised. The factors which are a function of the fibre size and 
length are small enough for the refractory to resist them. The 
strength of the refractory can then be said to be sufficient to 
restrain the thennal expansions of the fibres. Hackman and Bakker1 
reported that steel fibres contained in thE) refractory then continue 
to act as =ack arresters and, therefore, strengthen and toughen the 
brittle refractory materials. It is also noted by Peterson and 
Vaughan16 and Cowl~7 that steel fibres redistribute the stresses 
that occur during shrinkage, resulting in fewer and finer 
microcracks. It is concluded by these authors that this reduction 
in size of these "initial flaws" is a significant factor in the 
strengthening mechanism of SFR. 
Research on the tensile strength of the refractory composite has 
shown that failure at room temperature is characterised by fibre 
pull-out (bond failure) as with most SFC. However, at high 
temperature this strength is more dependent on the fibre's ultimate 
strength. In fact, at room temperature the bond is weaker than in 
Portland cement composites due to the differential thermal expansion 
that occurs on firing and hence even relatively weak melt extract 
fibres pull out. At high temperature, however, the tensile strength 
of stainless steel fibres is much reduced and may not be able to 
cause bond failure at a typical aspect ratio of 50-100. 
After a series of investigations using different aspect ratios and 
different types of fibres, Hackman and Bakker13, have shown that at 
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an aspect ratio of 62 the higher hot strength (at 870°C) of melt 
fibres will cause them to pull out (bond failure), whereas 
equivalent drawn wire and slit sheet fibres (AISI grades 302 and 
304) would fracture despite their lower fibre-matrix bond. 
5.10.2 Fired MJR at Rmn Tauperat:ure 
The term "fired modulus of rupture" is used to define the strength of 
a beam test piece of given dimensions which is heated up to a 
desired temperature then tested at room temperature by using three 
point bending apparatus. The earliest investigation on this point 
appears to have been carried out by Lankard and Sheets4. They made 
a large number of laboratory tests, using a high-alumina Hl70°C 
castable bonded with calcium aluminate cement and containing draw 
wire type 310 stainless steel fibres (25m x 0.33 mm) to obtain the 
MOR. After air drying and then curing at l10°C, the 406 mm x 76 mm 
x 63.5 mm beams were fired for 24 hours at 540°C, 815°C, 109s0C and 
1370°C. The specimens fired to 1650°C were heated for 8 hours. The 
beams were tested at room temperature using the third point 
technique as described ASTM C78-64. The results of this 
investigation are given in Figure 5.14 from which it can be seen 
that the =ld MOR of the castable increased with fibre oontent and 
firing temperature up to 1200°c. Between 1200°C and 1600°c the 
fibres were detrimental to strength due to their degradation and 
their reaction with the matrix at higher temperatures. Following 
this, similar results were obtaines by many researchers8,10,18,19 
who pointed out that cold MOR increases with increasing fibre 
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content and decreasing firing temperature. Some of these results 
are presented in Figures 5.15 and 5.16. 
Austin20 has pointed out that the inclusion of fibres produced 
modest improvement in the fired MOR (Figure 5.17). This has also 
been claimed by Hayashi and Hamazaki 18• Park et al23 examined the 
effect of wire content, wire diameter, a=angement of steel wire 
fibre and the sorts of castable which affect the character of steel 
wire fibre reinforced refractory castable. They concluded that, at 
firing temperatures around 1000°C, the MOR is increased with 
increasing wire content and aspect ratio. 
Generally it can be stated that the fired MOR increases with fibre 
content and with decreasing firing temperature. 
5.10.3 Ibt MXIulus of Rupbrre 
Little information is available on the hot modulus of rupture of 
steel fibre reinforced refractory concrete. This may be due to the 
fact that certain experimental difficulties arise in establishment 
of the hot MOR. 
Lankard and Sheets4 have carried out some measurements of the hot 
MOR of steel fibre reinforced refractory concretes. They performed 
limited hot MOR tests on 51 mm x 51 mm x 178 mm beams using centre 
point loading. These beams were held at temperature for 24 hours 
prior to loading. Data obtained from this study is presented in 
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Table 5.2 where it can be seen that at 540°C, the 2 vol% wire 
addition enhanced the MOR of the castable almost three-fold with 
considerable post-crack resistance. However, at 1095°C, the wire 
addition had no effect on either the MOR or the load-deflection 
behaviour of the castable. 
other measurements of the hot MOR of 64 mm x 64 mm x 178 mm beams, 
loaded centrally on a 150 mm span, were recorded by Lankard et al19. 
A 1370°C refractory castable and 25 mm x 0.33 mm round and deformed 
wire fibres made from low carbon, 403, 302 and 310 grade steel in 
volume of 4% by weight were used. After air drying and then curing 
at ll0°C, the beams were fired for at least 5 hours at desired 
temperatures of 81s0C and 109s0C. Data from this irwestigation is 
presented in Figures 5.18 and 5.19, where it can be seen that, at 
the lower temperature, most of the specimens failed as a result of 
bond failure. However, at the intermediate temperature the lower 
quality fibres were found to be fractured, whilst those of high 
quality did not fracture until high temperature (950-1045°C) was 
reached. Above 1095°C, all fibres broke with necking prior to 
failure. 
Slaovanek et al 5 carried out research on the effect of steel fibres 
on the performance of refractory concretes. Two kinds of concrete 
(94% Al2o3 castable, 50% Al2o3 castable) and 4% by weight of 25 mm 
long stainless steel fibres were used. They concluded that the 
benefits from fibre addition are derived from the formation of a 
ductile grid, which can hold the weakened castable together after 
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cracking and thereby reduce the likelihood of catastrophic failure. 
Braun and Majdic21, however have claimed that the main effect 
resulting from steel-fibre addition to the castable is to be found 
in the increase in strength and fracture energy, both at low and 
high temperature. They have also observed that the increase obtained 
with long fibres was greater than with short ones, since with the 
long fibres the strength and ductility of the steel is better 
transferred to the castable. 
Lankard10, in his recent work, established the effect of fibre 
amount, fibre aspect ratio, fibre properties and the parameters of 
the service environment on the engineering properties and 
performance in service of steel fibre reinforced refractories. The 
hot flexural strength of the SFR, as he reported, decreased as a 
function of increasing temperature over the temperature range 
investigated (Figure 5.20). Also, the hot flexural toughness index 
of the SFR decreased as a function of increasing test temperature 
(Figure 5.21). Hayashi and Hamazaki's investigation18 showed that 
hot flexural strength was increased by increasing fibre content up 
to 1.5 wt% (Figure 5.22). 
Generally, it can be said that hot flexural strength is improved by 
adding steel fibre. However, this improvement is directly related 
to many major factors such as fibre property, fibre amount and 
operating temperature. 
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5.10.4 Thenna1 Shock Resi.staoce 
As already mentioned, the term "thermal-shock resistance" is used to 
define the ability of a solid body to withstand rapid variations of 
temperature without damage or destruction. 
Generally, there is far less experimental evidence available about 
the value of this property than about other properties. This is due 
to the fact that certain experimental difficulties arise in the 
establishment of this property and the test meth::>ds developed for 
non-fibrous refractories (usually brick) are not very satisfactory. 
Lankard and Sheets4 investigated this property by studying the 
effect of quench heating and cooling on the MOR of 2 x 3 x 16 in 
beam specimens of plain and wire containing (2 vol%) castable. The 
=ld MOR of the beams was measured after 10 cycles between 24°C and 
1095°C. This data was compared to MOR data obtained from a specimen 
after a single firing. The results obtained indicated that the MOR 
of the plain castable decreased 58% (from 2.96 to 1.26 MN/m2 ) after 
10 cycles, whilst this reduction was not more than 30% (from 6. 75 to 
4.72) in the castable containing 2 vol% wire. Also Lankard and 
Lease8 have assessed the thermal shock resistance of plain and 
fibre-reinforced castables by measuring the flexural strength of 50 
mm x 50 mm x 180 mm specimens following a rapid quench procedure. 
These specimens were subjected to 1, 5 and 10 thermal shock cycles 
prior to flexural strength measurements. The results of this 
investigation are shown in Figure 5.23. 
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It can be concluded from these results that the MOR of both plain 
and fibre-reinforced castables decreased with increasing thermal 
shock cycles. Also, as it has been =nfirmed by Lankard and Lease, 
several of the plain specimens broke following the 10 cycles before 
they =uld be tested for flexural strength. However, by adding 
fibres the specimens still exhibited flexural strength of about 3 
MPa, 12 MPa and 26 MPa respectively for 1.2 vol%, 7.7 vol% and 16.3 
vol%. 
The problem of assessing this property was also examined by 
W=ldridge and Easton22. After many investigations, they developed 
a new method for measuring the effect of thermal shock. This method, 
which was developed from the Bethlehem Steel Corporation prism 
spalling test, appeared very simple, reproducible and simulative of 
field =ndi tions. The results obtained by using this modified test 
method are given in Figure 5.24. The results were obtained by 
measuring the cycled MOR at ll00°C of the three types of castable 
specimens containing stainless steel melt extract (19% Cr, 11% Ni) 
25 mm long and 0.46 mm equivalent diameter (d0 ). It can be seen 
that the increases in cycled MOR at 6% by weight of fibre were 193% 
for insulating refractory, 380% for general purpose refractory and 
423% for extra strength refractory. However, this modified test 
method still does not completely satisfy all the field application 
=nditions since many of them involve heat from one side only rather 
than the two sides. 
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Wooldridge and Easton22have attempted to modify this method in order 
to satisfy all the application conditions. They used an 
electrically-heated fuxnace which was provided with a front-opening 
door so that the beams could be heated on one side only. The cycle 
was extended to 80 mins ( 60 mins heat and 10 mins fan air quench). 
The fan air quench was introduced instead of three minutes water 
quench. The total number of cycles was also increased to ten cycles. 
After thermal sh:x::k cycling, the modulus of rupture was determined 
twice as before but with the rot face on the side. The measurements 
of flexural strength, following 10 cycles for the insulating, 
general purpose and extra duty castables at 4% fibre content, were 
plotted in Figure 5.25. Increases in the MOR for the three types of 
castable were 100, 124 and 153% respectively. 
Austin20 investigated test methods for assessing the mechanical 
properties of the fibre reinforced concrete and in particular the 
resistance to thermal shock and mechanical abuse which have proved 
in the field be the most important characteristics of SFR. The 
measurements of flexural strength and toughness index, following 15 
cycles for a 1150°C castable at 3, 5 and 7% fibre content, were 
determined. Typical increase in modulus of rupture after cycling 
with a 7% oontent were 45% for 25 mm 304 and 310 grades, 80% for 25 
mm 446 and 160% for 35 mm 446. However increases in toughness, 
using the 2.3 mm fixed deflection criterion at 7% by weight, are 
around 600% for the 25 mm 304 and 310 fibres, 800% for the 25 mm 446 
fibre and 1300% for the 35 mm long 446 fibre. 
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'' Environment Relative Corrosion Rates for Standard Alloys* 
flBRETECH fJBRETECH flBREfECH flBREfECH flBREfECH 
ME430 ME304 ME446 ME310 ME330 
Oxidation (Cycling to 980°C) Poor Poor I V 3 s 
Carburization 980°C Poor Poor 3 I 4 
109Soc 3 3 2 2 I 
Sulphur S70°C 4 2 I 2 
8WC 2 4 I 
109S oc p oor 2S 2 24 
Sulphur and 8IS°C 3 4 I 2 
Carburization 980°C. 17 16 I 2 
Nitriding 540°C IS 10 19 4 
Reducing 
-
3 2 I I Poor 
Hydrogen S40°C I I I 
760°C 3 I IS 
Hydrogen 
Sulphide S40°C 2 2 I Poo:-
Vanadium 
Pentoxide 980°C . . I 
• Fibre with corrosion rate of"/" is the best alloy for the environment shown. 
TABLE:. 5.1 :. ALLOY SELECTION FOR RESISTANCE TO HOT 
CORROSION 
Specimen 
Identification 
Plain Castable 
Castable with 
2 vol% steel wire) 
M.O.R.(psi) at Indicated 
.:; 4-0 c. 
1017 
2843 
Temperature 
1080 C-
1'14-3 
1120 
TABLE 5.2: HOT MOR OF PLAIN AND WIRE-CONTAINING REFRA'CTORY 
CASTABLE AT 540°C AND 1C80°C (AFTER LANKARD 
AND SHEETS) 
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FIGURE 5.1: CRACK STOPPING MECHANISM OF STEEL FIBRE 
IN REFRACTORIES (11) 
without fibres (a ) 
with fibre ( b ) 
FIGURE 5.2: MECHANISM OF INCREASE IN FLEXURE TOUGHNESS 
OF CONCRETE WITH FIBRES 
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4000 Fibre-reinforced castable 
Plain castable 
2000 
o.25 0.50 11.75 1.00 
Centreline deflection, mm 
FIGURE 5.3: LOAD-DEFLECTION BEHAVIOUR OF PLAIN AND 
FIBRE-REINFORCED CONCRETE (3) 
Hydraulic ! Weak . . Ceramic . 
' 
' 
I 
1.50 
cold face Hot face bond I I bond I Zone 
' Zone I ' Zone I ' I . 
' 
. 
Low High 
·Thermal Gradient 
FIGURE 5.4: REFRACTORY THERMAL GRADIENT (3) 
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FIGURE 5.5: TYPICAL LOAD-DEFLECTION BEHAVIOUR OF STEEL 
FIBRE-REINFORCED REFRACTORY CONCRETE (8) 
Area under complete'-....,. 
load deflection curve 
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FIGURE 5.6: EFFECT OF Vf (g) ON RELATIVE FLEXURAL TOUGHNESS 
OF SFRC6 
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FIGURE 5.9: RESISTANCE TO DAMAGE FROM REPEATED THERMAL 
CYCLING TO 1100°C (Re.~: 4A). 
4.5 weight percent 
FIGURE 5.10: EFFECT OF FIBRE CONTENT ON COMPRESSIVE 
STRENGTH OF FIRED CAST ABLE (. R~f: 11) 
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FIGURE 5.11: EFFECT OF FIBRE CONTENT ON FLEXURAL TENSILE 
STRENGTH OF FIRED CAS TABLE ( Re.y ·. ·H) 
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FIGURE 5.15: EFFECT OF STEEL FIBRE REINFORCEMENT ON 
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FIGURE 5.17: EFFECT OF FIBRE CONTENT ON MO.R (AFTER AUSTIN 20 ) 
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FIGURE 5.18: EFFECT OF FIBRE TYPE ON HOT MODULUS OF 
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FIGURE 5.19: EFFECT OF FIBRE TYPE ON HOT MODULUS OF 
RUPTU~E AT 1095°C (AFTER LANKARD, BUNDY 
AND SHEETS ( 19)) 
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FIGURE 5.22: EFFECT OF STEEL FIBRE CONTENT ON MODULUS 
OF RUPTURE OF THE CASTABLE (18) 
FIGURE 5.23: EFFECT OF STEEL FIBRE REINFORCEMENT ON 
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01API'ER 6 
INI'RClXJCTICN 'ID THE LABORA'IDRY TEST l'ROGRJ\f-I1E 
AND ITS rn.JECTIVES 
6.1 INI'ROOUCTICN 
Melt extract stainless steel fibres are available in a range of 
diameters and lengths due to the nature of the manufacturing 
process, which allows a wide range of geometries and =mpositions to 
be made. This fact, in addition to their relatively low cost 
=mpared with those produced from stainless wire or sheet materials, 
leads them to be well suited to the refractory market. However, 
little information is available on the effect of fibre geometry, 
fibre content, fibre type and test temperature on refractory 
performance and in particular its resistance to thermal shock. This 
research has therefore investigated such effects in order to try to 
establish the fundamental requirements for successful application. 
The variables investigated in this research were the fibre geometry, 
the fibre content, the fibre composition, and the temperature at 
test. 
6.1.1 Fibr:e Geanetry 
The investigation of the effect of varying fibre geometry was made 
possible by the manufacture of fourteen different fibre sizes by 
Fibre Technology Ltd. This was achieved using four melt extraction 
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wheels to produce fibre lengths of 10 mm, 25 mm, 35 mm and 50 mm, 
and by machining the angle of the vee-shaped edges to vary the 
kidney-shaped fibre cross-section. 
Eleven different fibres were used to investigate the influence of 
aspect ratio and fibre diameter on the performance of steel fibre 
refractory concrete. Values of the aspect ratio vary from 14 to 108; 
diameter values are ranged between 0.46 and 0.87 (Table 6.1). 
The effect of fibre length on the composite's strength, at constant 
aspect ratio of 46, has also been investigated by using 25 mm, 35 mm 
and 50 mm fibre lengths (Table 6.2). 
All the fourteen types of fibres are AISI grade 310 (25% Cr, 20% 
Ni). The properties and performance data of this grada, as given by 
Fibre Technology Ltd1, are given in Table 6.3. 
Equivalent semi-circular diameter ~ and mean fibre weight mf for 
each of the fourteen fibre geometries are given in Tables 6.1 and 
6.2. 
It is important to mention here that the equivalent semi-circular 
diameter was used as it has been previously found (Chapter 3) to be 
the best approximation of the gecmetry of the kidney-shaped cross-
section of the melt fibres. Values of ds were obtained from 
specific gravity determination on samples of each fibre type, where: 
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The average fibre density Pf of the AISI grade 310 stainless steel 
fibres was 7.89 g;cm3. 
It is also important to report here that the fibre content of all 
the mixes used to investigate the influence of fibre geometry on the 
performance of SFRC was kept constant at 5% by weight of dry 
material. 
The work on the influence of fibre geometry on refractory 
performance is presented in Chapter 8. 
6.1.2 Fibre Ccntent 
A very important question in the investigation of fibre reinforced 
refractory ooncrete is that concerning the relationship between the 
content of fibres and the composite's strength. However, despite 
this importance, little information1' 5' 11 on the influence of fibre 
content on the performance of steel fibre reinforced refractory 
concrete has been reported, in particular at fibre contents 
exceeding 5% by weight of dry material. This may be due to the fact 
that as the fibre content is .increased along with aspect ratio, 
mixing and placing of SFR becomes extremely difficult. 
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In this work, whi.ch is des=ibed in Olapter 9, the amount of fibres 
per mix was varied to give a wide range of fibre contents. Three 
different fibre lengths, all grade AISI 310, were ccnsidered in this 
investigation. The fibre contents used were 2, 4, 5, 6 and 8% by 
1f, equivalent semi-circular weight of dry material. Fibre length 
1 
diameter d8 , aspect ratio cf_ and mean fibre weight mf for each of s 
these three fibre lengths are given in Table 6.2. 
It is important to mention here that no mixing or placing problems 
were observed with the mixes containing 5% or less of fibres by 
weight. However, beyond 5% by weight, mixing and placing problems 
arose and in=eased with in=easing amount of fibre. 
6.1.3 Steel Oomposition 
There is very little published information available on the 
selection of the most appropriate steel alloy composition for 
specific applications2 •3 •4• 5. A laboratory investigation was 
undertaken to learn the effects of the steel fibres on the 
performance of SFR at room temperature and service temperature. It 
is obviously of interest to identify applications for which lower 
quality steel fibres can be effectively utilised in place of high 
cost, refractory steel alloys. 
In this research, the influence of steel composition was 
investigated by using two different grades, AISI 310 and AISI 446. 
Five different fibre types, grade AISI 446, were used in this 
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investigation, in addition to the different fibres, grade AISI 310, 
which have already been described in Section 6.1.1. This part of 
the experimental progranrne is presented in Olapter 10. 
Geometry data of ME 446 fibres are given in Table 6.4, while the 
properties a:nd performance data of ME 446 alloy, as given by Fibre 
Technology Ltd1, a:re given in Table 6.5. 
The fibre content of all the mixes used to investigate the influence 
of steel =mposi tion on the performance of SFR was kept =nstant at 
5% by weight of dry material. 
6 .1.4 Tanpera:brre 
Most of the work done on the physical properties of steel fibre 
reinforced refractory concrete has been ca=ied out at room 
temperature. Little effort, however, has been made to investigate 
such properties at service temperature. Therefore it is possible 
that property data obtained at room temperature on specimens 
previously heated to higher temperatures may give misleading 
information regarding the choice of fibre alloy type. KnJwledge of 
the function and mechanics of steel fibre reinforcement in 
refractories suggests that the measurement of hot flexural strength 
a:nd toughness a:nd the subsequent examination of fracture surfaces 
may give the most meaningful information regarding the expected 
performance of the steel fibre reinforced refractory in many 
applications. 
149 
An investigation was therefore carried out to confirm whether it is 
necessary to obtain flexural and toughness measurements at 
temperature in order to pnJperly evaluate the performance of fibre 
reinforced refractories, or whether it is possible to obtain 
meaning£ul results £rom a much simpler rcom temperature test. 
The method o£ testing at temperature, as well as the heating and 
cooling regime for cyclic heating, were investigated in a 
preliminary test programme reported in Cllapter 7. 
6.2 MI\.TERIALS 
6.2.1 Re£ract:my Concrete 
A general duty dense refractory castable, 'Pinnacast 1400°C' 
supplied by Resco Products, was used throughout the test programme 
in the formulation of all conventional and £ibre~containing mixes. 
This is a proprietary hydraulically bonded material containing a 
high grade of alumina raw material with a maximum service 
temperature of 1400°c. 
The top size of the particle distribution was about 6.3 mm and the 
lower size was assumed be 0.2 1-1m (Figure 6.1). The water content 
of all mixes was approximately 14-15.5% by weight of dry material. 
Physical properties data and chemical analysis of this material, as 
given by Res= Products Ltd7, are given in Table 6.6. 
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6.2.2 Stee1 Fibres 
All fibres used throughout this research were stainless steel melt 
extract fibres manufactured by Fibre Technology Ltd, England. 
The. equivalent diameter ~' fibre length lf, aspect ratio "a' fibre 
grade and fibre content (by weight) used for all the main 
experimental specimens, are given in Tables 6.7 and 6.8. 
6.3 TEST METHODS USED FOR STEEL FIBRE REFRACI'ORY CONCRETE 
6.3.1 Speciiren Preparaticn 
6.3.1.1 ~ 
Mixing was performed in a liner-cum-flow mixer type 'O' (Plate 6.1) 
which had a capacity of 0.043 cubic metres and a power driven 
rotating pan and paddle. This mixer was sturdy enough for fibrous 
mixes, and good uniformity of fibre distribution could be achieved. 
The dry material (16 kg of Pinnacast 1400 for each mix) was first 
introduced carefully into the mixer. The fibres were then tipped on 
top of the material in the mixer in small amounts by hand in order 
to distribute them onto the surface of the mix in a random manner. 
The two materials were then mixed dry for one minute in order to 
disperse the fibres uniformly throughout the mix and to avoid the 
possibility of segregation before the mix water was added. 
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Following this mixing time, the accurate water content (15% of dJ:y 
material) was added continuously into the mixer during rotating. 
The mixing time needed to achieve good workability was around 4 to 5 
minutes. 
6.3.1. 2 W:xkability 
Workability was assessed by the "ball-in-hand" method. This method 
consists of forming a compact ball of the material to be cast (in 
our case it is fibre reinforced refractory concrete), tossing it 
approximately one foot in the air and catching it in one hand. The 
consistency is determined from arry spread or flow upon impact and 
compared to standard ptntographs provided in ASTM C.860-778 Figure 
6.2). This method appears to be the simplest one since it is easily 
applicable in the field where a large piece of test equipment may be 
considered cumbersome. More complex consistency tests, which have 
been detailed in PRE R.269, were =t considered necessary. 
It is also important to mention that despite the range of fibre 
addition (2-8% by weight) a satisfactory workability was usually 
achieved with a 15% water addition. 
6.3 .1.3 casting arrl curing 
The steel moulds were clamped to a small vibrating table and the 
material introduced in two equal layers into the beams. The moulds 
were vibrated as material was placed and given a final 30 second 
compaction at the end. Lifting handles were cast into the top 
surface of the beams to facilitate removal of the hot specimens from 
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the spalling fuma.ce into the insulated box prior to testing (Plate 
6.2). 
Immediately after compaction, the specimens were kept in their 
moulds under a plastic sheet membrane for 24 hours. After stripping, 
the specimens were oven dried at 110°c to constant weight. 
6.3.2 Onliticn:i:ru of Specimens 
If tests are to give a useful measure of refractory performance the 
specimens must also be subjected to some form of simulated service 
conditions before destructive testing. Standard spalling tests for 
plain refractory concrete are unrealistic because of the uniform 
heating regime and the =mmon use of a water quench as part of the 
heating/cooling regime cycle. In addition they generally specify 
the measurement of weight loss of small prisms which is unsuitable 
for fibre refractories because the fibres hold the cracked matrix 
material together. The approach taken in this investigation is 
similar in ooncept to the modified hot/=ld face prism spalling test 
developed by Wooldridge and Easton10. The number and duration of 
cycles was altered, however, as a result of the preliminary tests, 
to produce more severe spalling, and the specimen size and span were 
slightly different. This approach was adopted to =mbine simulated 
service conditioning of test specimens with the measurement of a 
toughness property of the steel fibre refractory concrete. The 
existing beam cycling furnace, constructed by Austin11 as part of 
his research project, was modified to allow automated cyclic 
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heating and oooling of four beam specimens to a preset heating and 
oooling regime prior to flexural and touglmess testing. 
6.3.3 Testing of Specimens 
Beams were cyclically heated in a purpose built spalling furnace, 
the design and construction of which is detailed later in Section 
7.2. The furnace was designed to be able to heat four 406 mm x 63.5 
mm x 63.5 mm beams on one face to temperatures up to 16CXPC. This is 
achieved by stacking the beams vertically in a sliding door which 
allows them to be moved aside for oooling, whilst a blanking piece 
prevents serious heat loss from the furnace. 
'Ihe beams were placed in the spalling furnace and raised from 110°C 
to 1100°C over a 6 hour period and then soaked at this test 
temperature for 18 hours. This firing rate is well within that 
specified in BS 19089 (a maximum 300°C/hour heating rate and a 3 
hour soak). 
Immediately after the 18 hour soak, automated cycling of the beams 
between the spalling furnace and the oooling fan commenced. The four 
beams in the sliding door of the furnace were alternately heated at 
1095°C for 40 minutes and then cooled by the fan for 20 minutes 
(this will be detailed in Section 7.6). All the beams were cycled 
40 times. 
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At the end of the cycling period the specimens were held at the test 
temperature and subsequently removed one by one for testing at 
temperature. Each beam was placed in an insulated box designed to 
allow the hot specimen to be tested in flexure using centre-point 
loading (Plate 6.3). Specimens were tested with their hot face 
vertical over a span of 178 mm in accordance with BS 190211, ASTM 
Cl33-778 and PRE recommendations R.219 to determine their flexural 
and toughness strength. 
Tests were carried out using an Instron 6025 (100 kN capacity) screw 
driven testing machine operated under displacement contrcl at a test 
speed of 0.25 mm/min (Plate 6.4), the total time for a flexural test 
being approximately 10 minutes. 
The four specimens from each mix were first tested hot and 
subsequently one half of each broken beam was tested at room 
temperature the following day. 
The arguments for and against the use of the beam flexure test for 
refractory concrete have been discussed by Austin11. Generally, it 
can be argued that the MOR represents a useful notional flexural 
strength since: 
i) The test is likely to become known as one of the primary ASTM 
standard tests13; 
ii) The test is simple to perform and very cx:mronly used on SFC; 
iii) The material is tested in a manner that closely resembles the 
situation in many practical applications; 
155 
iv) The MOR is still a measure of the moment capacity of a section 
which is the final =iterion in design; and 
v) Even if the true indirect tensile strength is derived, a full 
knowledge of the stress block is required to calculate the 
section's moment capacity. 
The flexural toughness is determined by considering various portions 
of the load-deflection relationship produced in the test. A recent 
review of various methods of assessing flexural toughness has been 
given by Johnston14. Various areas under the load-deflection CUIVe 
have been suggested for possible use as a measurement of toughness. 
Three examples are the resilience (area to first =ack), .the area up 
to the maximum load and the total area under the load-deflection. 
However all measurements based on the work done up to a given point 
are not acceptable for toughness measurements since the results will 
depend on the size and geometry of the test specimen. 
'Iherefore the usual approach has been to develop various ratios of 
areas under the load-deflection curve which give dimensionless 
numbers as a measure of toughness. 'Ihese dimensionless numbers are 
referred to as toughness indices. 
'!he toughness index as defined by ACI Committee 54415, is a ratio of 
the two areas shown in Figure 6.3. The index is obtained from the 
standard modulus of rupture test and is given by the total area 
under the load-deflection curve out to a deflection of 1.9 mm 
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divided by the energy required to bring the fibrous beams to the 
point of first-crack. Advantages and disadvantages of the ACI 
definition have been discussed by Barr et a11 6, Henager17, Zolld8 
and Johnston14. 
A series of toughness indices based on multiples of the first =ack 
deflection in a flexural test as alternatives to the index 
recommended by ACI Committee 544 were developed by Johnstonl9. He 
proposed two scales for the toughness indices ranging from either 
zero or unity through to a given number which represented elastic-
plastic behaviour. Figure 6.4 defines these toughness indices. 
Johnston19 also reported in detail the variability of these proposed 
indices, together with those of the ACI 544 index and other 
toughness parameters. 
A similar approach to that suggested by Johnston has been developed 
by Barr et a116. Their initial definition of the toughness index is 
shown in Figure 6.5. The precision of the above definition, 
together with those for other multiples of first-=ack deflection, 
has also been studied by Barr et a1 15. Barr et a1 20 concluded in 
their recent work that the best precision was obtained by 
considering the area under the load-deflection graph out to twice 
the first-=ack deflection (Figure 6.6). 
The ASTM methoct21 is the most common method of measuring the 
flexural toughness of fibre-reinforced =ncrete. This evaluates the 
flexural toughness of fibre-reinforced =ncrete in terms of areas 
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under the load-deflection curve obtained by testing a simply 
supported beam under third-point loading. 
This test method provides for the determination of a number of 
ratios that serve as toughness indices which identify the pattern of 
material behaviour up to the selected deflection criteria. The 
indices are determined by dividing the area under the load-
deflection curve up to a specific deflection =iterion by the area 
up to the deflection at which first-crack is deemed to have 
occurred. First-=ack, as defined by this standard method, is the 
point on the load-deflection curve at which the form of the curve 
first becomes nonlinear. Two indices I 10 and I 30 have been 
calculated in this research. The toughness index I 10 is the number 
obtained by dividing the area up to a deflection of 5.5 times the 
first-=ack deflection by the area up to first crack. The toughness 
index I 30, as defined by this standard, is the number obtained by 
dividing the area up to a deflection of 15.5 times the first-crack 
deflection by the area up to first-crack. Figure 6. 7 explains this 
standard method. 
'Ihe ASTM C1018-8521 metlxxl was chosen to evaluate toughness index 
throughout the experimental programme. The selection of this method 
can be justified by the fact that this method appears to be less 
susceptible to variations in first-crack behaviour, which can cause 
the ACL 544 index to be misleading as reported by Johnston. 
Johnston has compared the ACI Committee 54422 method, Japan Concrete 
Institute Standards23 SF2, SF3, SF4 and method of Barr et a116 with 
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the ASTM C1018 method21• He pointed out many advantages in using 
the ASTM standard in evaluating toughness index. 
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Fibre type Fibre length Mean equivalent Mean aspect Mean fibre 
lf (mn) 
diameter<\ 
(mn) 
ratio lf/<\ weight l1lt 
(mg) 
1 10 0.74 14 17 
2 10 0.59 17 11 
3 10 0.55 19 10 
4 25 0.72 34 39 
5 25 0.53 47 22 
6 25 0.52 48 20 
7 25 0.46 52 16 
8 56 0.87 56 117 
9 50 0.65 76 65 
10 50 0.55 89 48 
11 50 0.46 108 33 
TABLE 6.1: FIBRE GEOMETRY OF THE ELEVEN TYPES OF ME310 FIBRE USED TO 
INVESTIGATE FIBRE ASPECT RATIO AND FIBRE DIAMETER ON THE 
PERFORMANCE OF SFR 
Fibre type Fibre length Mean equivalent Mean aspect Mean fibre 
lf (mn) 
diameter d8 (mn) ratio lf/<\ 
weight mf 
(mg) 
12 25 0.6~ 42. 33 
13 35 0.73 47. S7 
14 50 1.19 43 227 
TABLE 6.2: FIBRE GEOMETRY OF THE THREE. TYPES OF ME310 FIBRE USED TO 
INVESTIGATE FIBRE LEN:mf (AT CXJNSTANT ASPEcr RATIO) ON THE 
PERFORMANCE OF SFR 
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PrilnaJ:y element canposi tion - % Olranium - 2.4-26 
Nickel - 19-22 
Melting temperature ( °C) 1400-1455 
cyclic heating 1040 
Critical oxidation °c 
continuous service 1150 
Coeff~cient of thennal expansion 
x 10- at B70°c - per 0 c 18.5 
Thennal conductivity at 870°c - !VIN/m2 152 
M:XIulus of elasticity at 870°C - GN/m2 125 
TABLE 6.3: PROPERTIES AND PERFORMANCE DATA OF ME 31'0 FIBRE AS GIVEN BY 
FIBRE TEOlNJL(X;Y LTD 
Fibre type Fibre length Mean equivalent Mean aspect Mean fibre 
and lf diameter '\; ratio lf/'\; weight mf 
Mix No. (mn) (mn) (mg) 
1 25 0.38 66 11.3 
2 25 0.45 56 16 
3 26 0.45 58 16.4 
4 28 0.61 46 32.6 
5 27 0.72 38 43.2 
TABLE 6.4: FIBRE GEOMETRY OF ME446 FIBRE USED TO INVESTIGATE STEEL 
a::MPOSlTION ON THE PERFORMANCE OF SFR 
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Alloy Fibretech ME446 
Primary element canposi tion % Olranium 23-27 
Nickel 0 
Mal ting temperature De 1425/1510 
Critical oxidation Cyclic heating 1205 
temperature 0 c Continuous 1100 
service 
Coefficient of thennal expansion 
x 10-6 at 870°C - per 0 c 13.1 
Thennal conductivity at 540°C -
w/mK 24.8 
Fibre tensile strength at 870°C -
MN/m2 53 
Modulus of elasticity at 870°c -
GN/m2 97 
TABLE 6.5: PROPERTIES AND PERFORMANCE DATA OF ME446 FIBRE AS GIVEN 
BY FIBRE TEOWLOGY LTD 
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I 
Maximum service terrperature 14DCPc 
Maximum grain size 6.3 nm 
Bulk density, dried at no0 c 2030 kg/m3 
fired to Bl~C 1950 kg/m3 
Cold CI:UShing strength, dried at no0 c 190-290 kg/~ 
fired to Bl5°c 140-205 kg/an2 
Conductivity, 1000°C 0.83 w/mK 
Cllemical analysis (%) A12°3 36.7 
si~ 44.2 
Fep3 5.3 
Permanent linear change (%) 815°C -0.07 to -0.25 
TABLE 6.6: PHYSICAL PROPERTIES DATA AND CHEMICAL ANALYSIS OF 
"PINNACAST 14Q0°C" 
166 
Mix No Fibre Length x Diameter ds Fibre 
Content (wt%) 
1 10 X 0.74 5 
2 10 X 0.59 5 
3 10 X 0.55 5 
4 25 X 0.72 5 
5 25 X 0.53 5 
6 25 X 0.52 5 
7 25 X 0.48 5 
8 50 X 0.57 5 
9 50 X 0.65 5 
10 50 X 0.56 5 
11 50 X 0.46 5 
12 25 X 0.65 2 
13 25 X 0.65 4 
14 25 X 0.65 5 
15 - 25 0.65 6 X 
16 25 X 0.65 8 
17 35 X 0.74 2 
18 35 X 0.74 4 
19 35 X 0.74 5 
20 35 X 0.74 6 
21 35 X 0.74 8 
22 50 X 1.12 2 
23 50 X 1.12 4 
24 50 X 1.12 5 
25 50 X 1.12 6 
26 50 X 1.12 8 
TABLE 6. 7: EXPERIMENTAL SPECIMEN DETAILS FOR AISI 310 
Mix No Fibre Length x Diameter ds Fibre 
Content ( wt%) 
27 25 X 0.38 5 
28 25 X 0.45 5 
29 26 X 0.45 5 
30 25 X 0.61 5 
31 27 X 0.72 5 
32 No fibre 0 
TABLE 6.8: EXPERIMENTAL SPECIMEN DETAILS FOR AISI 446 
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PLATE 6. 1: THE LINER-CUM-FLOW MIXER 
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PLATE 6.2: TEST SPECIMEN USED I N THIS STUDY 
I 
PLATE 6 . 3 : BEAM FLEXURE TEST 
PLATE 6 .4: THE INSTRON 6025 (KN CAPACITY ) SCREW DRIVEN 
TESTING MACHINE 
170 
100 
90 
80 
<.:) 
z 
70 (f) 
(f) 
<( 
0... 60 
w 
~ so 
<( 
)---
___, z 
-...I 
___, w 40 0 
a: 
w 
a... 30 
20 
10 
- ~ .-;,.. ,... 
:;?~ / . 
/ 
:L 
,; ~ 
July 1986 :;P ~ ...... .....:: 
... ... ··~·~ ~ Marc~ 1986-...,.. .. / 
--.·· .. /:;L V 
. .;:: ~/ ~Mrm'h 1 987 ~·,.... 
, :~./ V ,.... ~ .... ·--~ ~'-""::-~ ...... . · F· ··· · 
7 lV" .. , ,/ 
iY . . //, 
/ V 
V , 
63)Jm 150)Jm 212,Mm 300,.um 425)Jm 600_..um 1.18mm 2.00mrn 2.36mm 3.35mm 5.00mm 6.3mm 10mm 
B .S. SIEVE SIZES 
FIGURE 6 . 1: GRADINGS OF PINNACAST 1400 
(!) O.B.I.H. (Dry Ball in Hand) 
® G.B.I.H. (Good Ball in Hand) 
The correct consistency 
® S.B.I.H. (Soft Ball in Hand) 
F I GURE G.l : BALL -IN-HAND TEST 
METHOD (ASTM C860 ) 
0 
-< 0 
-' 
I. rJ 8~0US CUKK( iE WlnHOW ST RDIGni. 
Sil l ffi£. SHORT OR tOW f'(RCI'NTAGl Of 
FIUI<S 
NOT TO SCAU 
I. 9 m111 
TOTAL OOUCT ION 
?. rl 8ROO S C()-IC R(T[ W!I'H HI CH SlRDIClii. 
OVCTIU:. lONG. HI CH f'(R.COOAC! Of 
fi!(RS 
l1mm 
TOTAl OH\.(CTI CH 
O!f\.!CTl CH • MI UlM(TIRS 
TYPIC.'J.LOAO • O(n.£CTI~ CURV'fS 
CALCUU.TION OF TH( INO('.(: 
I. J.R(A UNO{R CUR V( CD • 1.? N ·m: All( A lJN()(R CUR\'((]) • 0 • 1«>. 9 H~: I NO(;( • ~~ .. : ; \U 
1. AR(AUND(~(URV'fl}) • IUH·m:AR(AUHO£RCURvtQ)•0·~TI.IH·m: INOCC ·~. }I • }2. 1 
FIGURE 6 . 3 : DEFINITION OF TOUGHNESS INDEX PROPOSED BY 
ACI COMMITTEE 54 4. (. K..t.\ ·. 15) 
F~ o-odl tOU<jMa>a~ CAB • JP 6 
p A C E G 
"' 0 
0 
...J 
0 
FIGURE 6 .4: 
I 
I 
I 
I I 
ITouqtn~ . OACDl 
:Indcx(JOl OA A 1 
I : 
o~ .. ctJon 
I 
I 
HI 
IS...SO 
"' 0 
0 
..J 
0 
I 
I 
I 
I 
I I 
I I ~~~ . ACDB 1 
'!nda (:l.S (}) 00 I 
I I 
I 
I 
H' 
DEFINITION OF TOUGHNESS IND ICES BASED ON 
MULTIPLES OF FIRST-CRACK DEFLECTION PROPOSED 
BY JOHNS TON . ( Re.~ ~ t1 9) 
173 
- - -- - - - ------ --- ------ ----
"0 
0 
0 
...J 
To uqhr•u• Shod<d or~o A•S 
fl'ld cr ·4~ Anouplo6 • ';iA 
I~ 
~~ I 
Odl(clfoo at flrsl 
1 
I 
1
° 
craclco6 / 
/ 
/ 0 
I 
Ocflcctlon 
FIGURE 6 . 5: DEFINITION OF TOUGHNESS INDEX PROPOSED 
BY BARR ET AL 0 ( Re.f : If>) 
Tou9hnus • A r<a B x 100o10 l 11dcx 3 fAr< a AI 
0 
6 • Defle ct ion at 
first -croc k 
Dc flc c\lon 
F IGURE 6 . 6 : ALTERNATIVE DEFINITION OF TOUGHNESS 
I NDEX ( R.e.f : 20) 
174 
0 
0 
< 
_J 
0 
I 
f 
l 
El 
I 
t 
I 
I 
Hr 
G 
E 3.5" 
DEFLECTION 
5.56 15. 5~ 
?IGURE 6.7: DEFINITION OF TOUGHNESS INDICES IN TERMS 
OF MULTIPLES OF FI RST- CRACK DEFLECTION AND 
ELASTIC-PLASTIC MATERIAL BEHAVIOUR 
{ASTM C1 0 18-85 ) - (t<(.t: 2.~) . 
n s 
7.1 lNI'RCiXJCl'ICN 
ClU\PI'ER 7 
PRELIMINARY TESTS 
Data on mechanical properties of steel fibre reinforced refractory 
cxmcretes at high temperatures is limited. This is probably due to 
the difficulty in testing specimens at high temperatures. In this 
work, an attempt has been made to measure the composite's flexural 
behaviour at high t e mperature. This was done by const r ucting an 
insulati ng box (Secti on 7.2) designed to allow loading of the 
specimen in the Instron 6025 ( 100 kN capacity) screw driven testing 
machine. 
This chapter describes the quite extensive preliminary laboratory 
i nvestigations that had be carri ed out in order to establish an 
appropriate testing regime, which was subsequentl y adopted for the 
experimental work on fibre reinforced refractory performance. 
7. 2 DESQUPI'ICN OF THE SPALLllG FURNACE 
The existing beam cycling furnace was modified to allow automated 
cyclic heating and cooling of four beam specimens to a preset 
heating and ccoling regime prior to flexural and toughness testing. 
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Actually the existing beam cycling furnace was built according to a 
design made in consultation with Morganite Electroheat Ltd of 
Inveralmond, Perth (Figure 7.1). Its basic requirements were that 
it sh:>uld be able to cyclically heat four 406 mm x 63.5 mm x 63.5 mm 
beams on one face up to 1600°C. This i s achieved by stacking the 
beams vertically in a sliding door which allows them to be moved 
aside for cooling, whilst a blanking piece prevents serious heat 
loss from the furnace. 
The furnace and its <bor are constructed within steelwork frames, as 
illustrated in Plates 7.1 and 7 .2 . The eight heating elements are 
s upported by a channel of 'Sindanyo' fixed underneath the furnace 
(see Figure 7.1). This was drilled with holes to a allow air 
circulation around the ends of the rods. To minimise the heat loss 
from the 22 mm diameter holes for the heating elements, ring shaped 
pieces of an insulating material were pushed onto the top ends of 
each element. This can cover the gap between element and hole whilst 
allowing the elements to move freely when heated. These elements 
were connected via aluminium braids to two brass busbars which were 
wired in turn to the transformer. The exposed circuitry was 
safeguarded with a steel mesh enclosure. The <bor was suspended from 
a proprietary sliding door assembly consisting of a s upporting 
channel with a pair of two wheeled l:x:lg'ey rollers and a lower guide 
rail with two guide pin rollers. The channel and rail were fixed to 
a steelwork A frame construction for support. 
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The fan used for cooling had a 3 phase motor and variable pitch 
blades. 
The modification to this existing beam cycling furnace was to 
automate the cyclic heating and cooling regime by fixing a chain 
drive and motor to the door mechanism, together with a timer on the 
top of the steel work frame. This automated timer can be set to the 
desired heating and cooling regime. Thus t he furnace door moves 
aside for cooling. At the same time the fan will be automatically 
switched on. When the cooling reg-ime is over, the furnace door will 
be closed, the fan will be off and the heating regime will be 
automatically on and so on. 
7.3 DESIGN AND CXN>TRUCI'ICN OF AN n&JLATJN; OOX 
To assess the flexural strength of fibre reinforcement refractory 
concretes at high temperature, an insulating box was constructed. 
The box, shown in Plate 7.3, was manufactured using insulating 
bricks and insulating slabs (Kipsulate 1750). These insulators were 
fixed together by a rigid cover to minimi se the heat loss. This box 
was required to contain a beam to be tested at high temperature with 
the hot face kept vertical, and was designed t o allow hot and cold 
face temperatures to be easily recorded. 
A second insulating box was constructed to allow a beam to be tested 
with the hot face kept hori zontal. Preliminary t ests with the two 
boxes s howed that testing with the hot face vertical and testing 
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with the hot face horizonta l gave approximately similar r esults 
(Figure 7.2). Since it is far easier to test with t he hot face 
vertical, this testing orientation was adopted. 
7.4 TIME EFFEcr ON THE TEMPERATURE PROFILE OF A BEAM IN THE 
lNSULATllG OOX 
The effect of time on temperature was investi gated using a dummy 
test specimen fitted with thermocouples positioned at the oot face, 
middle and cold face of the beam, in order to determine the change 
in temperature profile in the test specimen during the test period 
in the insulated box, following the specimen' s transfer from the 
spalling furnace. Readings could be quickly taken by attaching two 
crocodile c l ips to t he free ends of each thermocouple. These 
crocodile c lips were connected to a "Comark" with chrome 1-a1umel 
wires, enabl ing middle and hot face temperatures to be taken after 
heating a beam according to the procedure explained in Section 7.6. 
The results are presented in Figures 7.3 and 7.4. Typically, as can 
be seen from these resul ts, whilst the ho t face temperature 
decreased from 1200°C to 960°C and 870°C at 5 and 10 minutes 
respecti vel y, the mid-beam temperature reduced from 780°C to 700°C 
at 10 minutes (Figure 7.3). In the second test, t he hot face 
temperature reduced from l250°C to 1040°C and 945°C at 5 and 10 
minutes respectively, whil e the mid-beam temperature reduced from 
790°C to 750°C at 10 minutes. 
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7. 5 INVESTIGATICN OF THE TEMPERA'IURE PROFILES OF F0JR 'IYPICAL BEAMS 
BEl:N3 HFATED AND CXX)LED IN '!HE FURNACE .IXX)R 
To carry out this study, four thermocoupled beams were cast. Then, 
after heating in the manner detailed in Section 7.6, a complete 
picture of the temperature profiles at the hot, middle and cold face 
of the 406 mm x 254 mm panel was built up using the four beams. The 
order of the beams in the door opening was changed as required to 
get the hot and cold face temperatures in all four beam positions. 
Results from this investigation are given in Figures 7.5(a) and 
7.5( b) . 
7.6 DEVELOPMENT OF A HEATING AND CXX>LIM:; CDIDITI<::.wN:; RffiiME FOR 
THE BE1\MS IN THE FURNACE 
To sel ect an appropriate heating and ccoling regime, sufficient to 
cau se significant spalling to the s pecimens, a series of 
investigations was carried out. 
Twelve 406 mm x 63.5 mm x 63.5 mm beams were cast in order to be 
tested after being fired and/or cycles. A flowchart of this 
experimental programme is shown in Figure 7.6. 
As s hown in the flowchart, all the beams were tested at room 
temperature. The test procedure was as follows : 
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1. Beams were heated for 6 oours up to 109s0C. 
2. Beams were soaked at this temperature (109s0C) for 18 h:>urs in 
order to obtain the equilibrium temperatures. 
3. Beams selected to be tested without cycling (Nos. 1 and 2) were 
taken away from the fumace, then tested at room temperature 
after being cooled ovemight. 
4. The remaining beams were cycled ten times (in accordance with 
the clnsen heating/cooling regime), before being tested at room 
temperature by using the third-point loading technique as 
described in ASTM C78-64. 
Load-deflection curves were obtained using an X-Y recorder (Figure 
7. 7). 
It can be seen from these curves that the 60 minutes heating and 20 
minutes cooling regime, as well as the 40 minutes heating and 20 
minutes cooling regime, gave the most significant spalling to the 
beams. However, 40 minutes heating and 20 minutes cooling was 
adopted as the selected regime throughout this research (Figure 
7.8), since there is no great difference between the two regimes 
(60/20 and 40/20), and in addition this selected regime was more 
economical and convenient with respect to time. Results recorded 
from this investigation are shown in Table 7 . l. 
These percentage losses of load were calculated in relation to the 
maximum load applied to the beams that were tested after firing only 
(beams Nos. 1 and 2). This load was recorded as 2.32 kN. 
181 
7. 7 SELECI'ICN OF 'lliE NUMBER OF HEA.T.rn::;jcroLIN; CYQ..ES 'IO BE USED 
To select an appropriate number of cycles, a series of 
investigations on reinforced and unreinforced castable beams was 
carried out. These investigations began by cycling the plain 
castables 10, 40 and 100 times, to assess the duration effect of the 
previously selected heating and cooling regime (40 mins, 20 mins). 
As expected, both cold and oot flexural strength of the plain beams 
decreased with increasing the number of cycles (Figure 7.9). More 
precisely, the percentage of reductions in cold flexural strength 
were 12, 19 and 34 after 10, 40 and 100 cycles respectively, whilst 
those for the hot f l exural strength were 15, 18 and 41 (Figure 
7.10). 
The same procedure was repeated with melt extract fibre reinforced 
castable, ME 446 fibres being added at 5% by weight of dry material. 
The results of this investigation indicated that both hot and cold 
flexural strength were increased by fibre addition, but that the 
strengths also decreased with increasing number of cycles. 
From these investigations, a regime of 40 heating/ cooling cycles was 
selected for use throughout the main experimental programme because 
40 cycles was found to give a significant reduction in the 
composite's strength. 
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"PLATE 7 .1: BEAM SPALLING FURNACE- REAR VIEW 
-PLATE 7 . 2 : BEAM SPALLING FURNACE - FRONT VIEW 
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PLATE 7 . 3: INSULATING BOX FOR VERT! CA L POSITION 
HOT FACE 
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Cycle Regime 
Maximum Load % Loss of Load 
(kN) 
Heat Cool 
45 15 1.58 31. 7 
30 15 1.54 33.7 
40 10 1.38 40 .3 
40 20 1. 26 45.6 
60 20 1.25 46.0 
TABLE 7 . 1 : LOAD LOSS PERCENTAGE FOR DIFFERENT CYCLIN3 RffiiMES 
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OIAPI'ER 8 
INFLUEN::E OF FIBRE GEX:I1ETRY CN THE P~ 
OF FIBRE REINFORCE> REFRACroRY CXN:::RETE 
8 .1 JNI'RCCJUCI'ICN 
The performance of refractory concrete reinforced with short 
discontinuous steel fibres randomly oriented in the mix is 
in£luenced by many factors. Fibre geometry is one factor which may 
have a significant influence on the properties of steel fibre 
reinforced refractory concrete. Despite this fact, little 
in£ormation1' 2' 3' 4 is available on the effect of fibre geometry on 
refractory performance and on its resistance to thermal shock. 
Suppliers and users of fibre reinforced refractories have found, 
within the relatively short life span of these materials, that the 
'standard' fibre sizes are cost effective and little effort has been 
put into optimizing the composite's performance. The industry is 
also naturally secretive about in£ormation that it has obtained in 
the field. 
This chapter deals essentially with the influence of fibre geometry 
on the flexural strength and toughness. 
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8.2 ~ OF FIBRE GEDMEl'RY CN FIRST--rnACK AND ULTIMATE FLEXURAL 
The experimental study was carried out in order to establish the 
influence of fibre geometry on the performance of a general duty 
dense refractory castable, "Pinnacast 1400". Melt extract stainless 
steel fibres grade AISI 310 (Table 6.1) and AISI 446 (Table 6 .3) 
ranging from 0.38 mm to 1.2 mm in diameter ( ds) and 10 mm to 50 mm 
long (lf), were used in 5% by weight of dry material. The fibre 
1 
aspect ratio (d f) in this investigation varied from 14 to 108. 
s 
A total of one plain and nineteen fibre reinforced mixes were cast 
and tested, as already detailed in Olapter 6. '!he results of these 
tests, showing the influence of aspect ratio, fibre diameter and 
fibre length at constant aspect ratio on the composite's 
performance, are presented in Figures 8.1 to 8.7. The values of 
L 77 and 1.44 MN/m2 used for the plain matrix are the average of the 
four results obtained from unreinforced mix (mix :No. 31). These two 
values acted as a r eference against which the performance of the 
reinforced beams could be compared. 
8.2.1 Aspect Ratio 
The relationship between flexural strength and aspect ratio is srown 
in Figures 8.1 and 8.2, whilst Figures 8.3 and 8.4 represent the 
relationship between first-crack strength and aspect ratio. 
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Generally, it can be seen from Figures 8.1 and 8.2 that tx:rth rot and 
cold flexural strength increased with aspect ratio, until high 
aspect ratio ( > 60) where the trend of increase becomes small. This 
may be a resul t of mixing and placing problems which arose at high 
aspect ratios. The hot strength was around 18% less than the cold 
with the AISI 310 grade and around 10% less with the AISI 446 grade. 
The improvements brought by the inclusion of fibres are significant. 
At an aspect ratio ·of 108, the AISI grade fibres srow an increase of 
83% and 73% in cold and hot strength respectively, over the plain 
matrix's flexural strength. 
Generally, AISI 310 grade fibres seem to perform well up to an 
aspect ratio of about 60, beyond this value the increase in the 
composite's flexural strenth appears to be s mall. However AISI 446 
grade fibres improve the flexural strength much more up to an aspect 
ratio of about 66. 
Figures 8.3 and 8.4 represent the relationship between first-crack 
flexural strength and aspect ratios. It appears that the cold first 
crack strength (Figure 8.3) was not s ignificantly affected by aspect 
ratio; this is in accordance with composite material theory5. It is 
of interest to note that a linear-e lastic fracture mec hanics 
approach would predict increasing strength with decreasing fibre 
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spacing (i.e. increasing aspect ratio) at constant fibre volume. In 
contrast to the cold strength, the hot first-crack decreased 
slightly with increasing aspect ratio. 
8. 2. 2 Fibre Length at o:nstant Aspect Ratio 
The effect of the length of melt extract stainless steel fibres on 
the flexural strength of refractory concrete was examined using 
fibres of lengths 25, 35 and 50 mm, with approximately equal aspect 
ratio Table 6.2). The fibre content of all mixes forming part of 
this investigation was kept constant at 5% by weight of dry 
material. 
The relationship between the fibre length and flexural strength is 
shown in Figure 8.5. Both hot and cold flexural strength increased 
as fibre length 
about 40 mm. 
increased up to about 
Beyond this length flexural strength decreased 
slightly. This can be either related to the fact that there are less 
of the longer fibres bridging the crack or to the mixing conditions 
which became bad as the fibre length increased. Typically, the 
percentages of increase in cold flexural strength over the plain 
flexural strength were 24, 40 and 25 with 25 mm, 35 mm and 50 mm 
fibre length respectively, whilst these percentages of increase in 
hot flexural strength were 30, 47 and 22 with 25 mm, 35 mm and 50 mm 
fibre length respectively. 
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8. 2.3 Fibre Diareter ( ~) 
The investigation of the infl uence of fibre diameter on the flexural 
oom};X)Site's strength can give another persective on the influence of 
fibre geometry. 
In this work, the flexural strength is plotted in Figures 8.6 and 
8 . 7 against equivalent fibre diameter for the different fibre 
diameters used in the mixes 1 to 11 and mixes 27 to 31 (see Tables 
6.1 and 6.3). The diameters of the two types of fibres used in this 
investigation rang-ed from 0.45 mm to 0.87 mm for the ME 310 fibres, 
and from 0.38 to 0.72 for the ME 446 fibres. Generally, it can be 
seen from these results that the flexural strength increased with 
reducing fibre diameter, over the rang-e of diameters investigated. 
An equivalent diameter range between 0.45 and 0.55 mm seems to be 
significantly more effective. 
8.2.4 Oonclusion 
The improvements in flexural strength brought about by the inclusion 
of fibres were significant, and both hot and cold flexural strengths 
were dependent on the fibre geometry. 
Flexural strength increased with increasing aspect ratio. However 
at high fibre aspect ratio this increase appears to be smaller (see 
Section 8.2.1 ). As far as the influence of fibre length at constant 
aspect ratio is concerned, a slight decrease encountered beyond 
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40 mm length was observed. The reason for this decrease can also be 
related to the previous factors (see Section 8.2.2). 
For flexural strengthening, an aspect ratio of 60 would appear to be 
a sensible choice. It is important to report here that, Park et a13 
have stated that at firing temperature around lOOCPc, the flexural 
strength is increased with increasing aspect ratio. However, they 
have not specified the ultimate aspect ratio. Also, they observed 
that hot flexural strength is increased with reducing fibre 
diameter. 
8.3 EFF'ECI' OF FIBRE GE01ETRY CN 'lUGINESS INDICES 
In this investigation two toughness indices, r 10 and 130, were 
calculated from the beam flexural load/ deflection curves using a 
similar procedure to that described in ASTM Cl018- 856. 
The relationships between both toughness indices (110 and 130) and 
aspect ratio, fibre diameter and fibre length are reported in this 
section. 
The results show that in contrast with flexural stength, whereas 
expected hot strength was below cold strength, the hot toughness 
values were greater than the cold ones. These higher toughness 
values may be either as a result of the lower hot first-crack 
strength and modulus or of improved fibre / matrix bond at 
temperature. 
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8. 3.1 Aspect Ratio Effect 
The toughness indices values (r10 and r30) are plotted against fibre 
aspect ratios in Figures 8.8 to 8.11. 
Figures 8.8 and 8.9 present the results obtained from the eleven 
mixes (mixes 1 to 11) containing 5 wt% of AISI 310 grade fibre, 
whilst Figures 8.10 and 8.11 present the results obtained with AISI 
446 grade fibre (mixes 27 to 31) (see Table 6.4). Figures 8.8 and 
8.9 indicate that hot and cold toughness indices (r10, r 30) 
increased rapidly as aspect ratio increased until an aspect ratio 
around 70 where slight increase was observed over this value. It 
might be expected that a critical aspect ratio has eventually been 
reached, beyond which fibres begin to fracture and toughness index 
reduces. There is a suggestion in Figures 8.8 and 8.9 that this 
critical ratio may also have been reached. 
Typically, rot toughness index (r10) values were about 10, 12 and 15 
at aspect ratios of 20, 50 and 70 respectively, whils t the cold ones 
were 16-18% l ess. 
Hot toughness index values, (r30 ), ranged between 20 and 40 as 
aspect ratios varied from 40 up to 70, but the increase became s mall 
after the aspect ratio exceeded 70. Similar behaviour was also 
observed with the cold toughness indices (r30). 
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Figures 8.10 and 8.11 srow the relationship between aspect ratio of 
A1S1 446 grade fibres and the toughness indices (110 and r 30 ) at 
test and room temperature. 
Generally, rot and cold toughness indices increased as fibre aspect 
ratio increased up to an aspect ratio of 60, beyond which the 
increases were becoming smaller. The increases in ooth toughness 
indices r 10 and 130 were less than those with AISI 310 grade fibres. 
This may either be a result of the higher hot and cold first- crack 
strength and modulus, or of weakened fibre/matrix bond at test and 
room temperature. On the other hand, it may be that a critical 
aspect ratio, around 60, has been reached, beyond which fibres begin 
to fracture and toughness index reduces. 
8. 3. 2 Fibre LenJth at Cl:nstant Aspect Ratio 
As already described in Section 8.2.2, the effect of fibre length 
was investigated using fibres of three different lengths (25 mm, 35 
mm and 50 mm) but similar aspect ratios. The effect of fibre length 
on toughness is shown in Figures 8.12 and 8.13. 
Both hot and cold 130 toughness indices increased rapidly with 
increasing fibre length. On the other hand, r 10 hot and cold 
toughness indices increased significantly up to around 35 mm, beyond 
which the increase became smaller. 
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The main point concluded from this result is that toughness indices 
(r10 and r30) are affected by increasing fibre length. The two 
indices increased with increasing fibre l ength up to 40 mm fibre 
length where the trend of increase became smaller. This might be a 
result of the mixing problems which affect the composite strength. 
8. 3. 3 Fibre Diameter 
The effect of fibre diameter on toughness is presented in Figures 
8.14 to 8.16, from which it can be generally stated that both 
toughness indices (r10 and r30 ) increased with reducing fibre 
diameter at both service and room temperature. However, an 
equivalent diameter range between 0.5 and 0.6 mm appears to be most 
effective. 
8.3.4 Cbnclusion 
From the results obtained throughout this experimental study, it can 
be stated that toughness indices r 10 and r 30 are strongly dependent 
on the fibre geometry. They increased with increasing aspect ratio, 
fibre length at constant aspect ratio and with reducing fibre 
diameter. However at high aspect ratio, as well as high fibre 
length, the increase is less remarkable. The results suggest that a 
fibre aspect ratio of around 80 is the most appropriate for 
toughness performance, whilst an equivalent diameter ranging between 
0.5 mm and 0 .55 mm is the best choice. 
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It is important to mention here that observati ons on the failure 
mode of the specimens and the results obtained indicate that Fibre- w~\~ 
high aspect ratios appear to be more likely to break than to pull 
out. 
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CllAPl'ER 9 
:rNFLUEN:E OF FIBRE CXNl'ENl' CN THE ~ OF 
STEEL FIBRE REFRACroRY CXN:REI'E 
9.1 ~ICN 
'lb investigate the influence of fibre content on the performance of 
a steel fibre reinfroced refractory concrete, three different fibre 
lengths of 25, 35 and 50 mm were used in amounts of 2, 4, 5, 6 and 
8% by weight of dry material. In total fifteen mixes were 
investigated (mixes Nos. 12 to 26). 
The effect of fibre cont ent on first-crack f l exural strength, 
ultimate flexural strength and t oughness index is presented and 
discussed in this chapter. 
9.2 EFFEcr OF FIBRE CONTENT ON FIRST-CRACK AND ULTIMATE FLEXURAL 
STREJIGIH 
Part of the experimental study was J.)erformed to confirm the effects 
of fibre content on first-crack and ultimate flexural strength and 
to obtain a basic idea on the I_)erformance of steel fibre reinforced 
refractory concrete. 
Figures 9.1 to 9 .3, therefore, present the relationship between hot 
and cold flexural strength and fibre content, whilst Figures 9.4 to 
9.6 show the influence of fibre content on first-crack s~ 
213 
Generally, Figures 9.1, 9.2 and 9.3 s}x)w a clear increase in oot and 
cold flexural strength with fibre content, the increase being 
greater at higher fibre concentrations. 
The increase in both oot and cold flexural strength with the 310/ 25 
mm fibres is clear and is linear over the 8% fibre content range 
investigated. Similar results have been reported by Austin1 after 
investigating the effect of f i bre content (310 grade, 25 mm long) on 
the cycled f lexural strengh (Figure 9.7). 
For the two other fibre lengths, 310/35 and 310/50 mm, a two stage 
linear rel ationship between fibre content and flexural strength was 
observed (Figures 9.2 and 9.3). This two-stage behaviour is similar 
to that predicted by a comp:>si te material theory approach, where the 
two stages can be explained by using law of mixtures equations2 . 
Thus, it can be stated that once cracked t h e composite can only be 
further strengthened if the fibres bridging the cracks can carry the 
load originally carried by the matrix. The two stages can be 
represented mathematically using the equation: 
oc = ofvf + omu (1 - Vf) 
where o c = canposi te stress 
0 f = fibre stress 
i.e 
omu = matrix cracking strength 
Vf = volume fraction of fibres 
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9 .1 
9.2 
--- - - - -
when the crack occurs, o mu = 0 (second stage) . 
Therefore equati on 9 .1 becx::mes : 
acu = ofvf 
P.Dom equations 9.2 and 9. 3 , it can be stated that 
o £v£ + amu omuv£ < afvf 
first stage second stage 
9. 3 
9 . 4-
Therefore the t r end o£ increase beyond the critical volume 
(Veri) is much more rapid than it was before i t. 
The relationship between first-crack strength and fibre content is 
shown in Figures 9.4, 9.5 and 9.6, first-crack being assumed to 
occur at point of deviation from linearity of the load/ deflection 
curve. 
Despite the fact that it is difficult to determine the first-crack 
with confidence, the results obtained show a gener al trend of first-
crack strength increasing slightly with increasing fibre content. 
The highest increase trend was observed with 310/50 mm long fibres 
at high fibre contents. 
Generally, it is concluded that the rate of increase in the ultimate 
flexural strength wi th increasing fibre content is much greater than 
215 
- - - - - - - - - ---
the correspJnding increase in the first-crack strength (see Figures 
9.15 to 9.18). This can indicate that, whilst ultimate flexural 
strength is strongly dependent on fibre content, first-crack, 
oowever, is only s l ightly influenced by fibre content. 
9. 3 IMPROI/EMEN1'S lli FLEXURAL STRENmi 
General l y, it can be said that all the three fibre lengths caused 
flexural strength to increase with increas ing fibre content. The 
improvements brought about by the inclusion of fibres were 
significant. At 2% by weight, the 310/25 mm, 310/35 mm and 310/50 
mm fibres smwed increases in cold flexural strength of 22%, 25% and 
15% respectively over the plain matrix flexural s trength. 
Corresponding increases in rot flexura l strength were 26%, 33% and 
25%. 
At 8% fibre content, cold flexural strength increases were 70%, 80% 
and 135% for 310/25, 310/35 and 310/50 mm f ibres respectively, 
whilst these increases were 100%, 118% and 130% in hot flexural 
strength. Taking into consideration the placing and mixing problems, 
it can be stated that the 310/35 mm fibres proved to be the most 
effective of the three fibre lengths up to fibre content of 5% by 
weight. Beyond this percentage, the 50 mm long fibres appeared to 
be more effective (see Figures 9 .15 to 9 .18). 
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9.4 EF'FEl:T OF FIBRE ClNI'ENl' CN 110 AND 130 'lUlliNESS INDICES 
The two toughness indices r 10 and r30 have been plotted against 
fibre content in Figures 9.7 to 9.12 and in Figures 9.19 to 9.22. 
It i s immediately apparent that the variation in toughness with 
fibre content was very similar for all three fibre lengths. Both hot 
and cold toughness indices r 10 and r 30 increased with increasing 
fibre content (Figures 9.7 to 9.12). However, Figures 9.19 to 9 .20 
indicate that the lowest increase in r 10 toughness index was 
observed with the 310/25 mm long fibres, whilst the 310/35 mm long 
fibres produced the highest increase in the 110 cold toughness 
indices over the range of fibre contents investigated. The increase 
with the 310/50 mm fibre (which was expected to be the most 
effective) was less than that observed with the 310 / 35 mm. A 
possible explanation for this is that the performance of 310/ 50 mm 
mixes may have been significantly affected by the mixing and placing 
problems. The influence of fibre content on the r 10 hot toughness 
index was similar to that observed with the cold toughness index. 
Figures 9.10 to 9.12 and 9 .1 9 to 9.22, show that both hot and cold 
r30 toughness indices increased as the fibre increased. However it 
can be seen that beyond about 3% by weight, the toughness indices of 
the 3 10/50 mm long fibre mixes increased more rapidly than the 
310/ 35 mm mixes, srowing the former to be the most effective. 
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Austin1 has also reported in his early work, that toughness index 
increases with increasing fibre content. He c l aimed that the 
addition of melt extract fibres increased the toughness of the 
spalled refractory considerably. Using the fixed deflection ( 2.3 
mm) T1 the 310 fibres were approaching six times the toughness of 
the plain refractory at 7% by weight (see Figures 9.13 and 9.14). 
9. 5 IMPRlJIJEMENl'S IN 'lUGINESS INDICES 
The improvements in toughness indices brought about by the inclusion 
of the melt extract fibres were significant. Typically, with the 
310/25 mm fibres, the hot toughness index r10 varied from around 9 
at 2% fibre content to 14.5 at 8% fibre content, whilst the cold one 
was atout 11 to 18% less. The second toughness index 130, however, 
varied from 20 at 2% fibre content to about 34 at · 8% fibre content. 
The cold toughness index r30 was generally 15% less. 
The improvements due to the addition of 310/ 35 mm long fibres were 
similar. At 8% by weight, col d toughness index r10 was 15, whilst 
the hot was about 16. At 8% fibre content the cold and hot values 
were 33 and 36 respectively. 
The 310/50 mm long fibres caused a dramatic improvement when the 
fibre content exceeded 5% by weight. For instance, at 8% by weight, 
cold and hot 1 10 toughness indices were about 14 and 16, 
respectively. However, the cold and hot r30 toughness indices were 
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about 42 and 45 respectively. Generally, it can be stated that 
toughness index increases as the fibre content increases. 
The relationship between fibre content and first-crack strength, 
ultimate flexural strength and toughness index indicated that the 
composite ' s strength is generally increased with increasing fibre 
oontent. 
Whilst first-crack strength is less affected by fibre content, 
ultimate flexural strength and toughness index are strongly affected 
by fibre amounts. This has been claimed by Park et a12 who rep:::>rted 
that at firing temperature around lO<XPc, the MOR is increased with 
increasing wire content. Hayashi and Hamazaki 3 investigated the 
effect of steel fibre addition on the properties of castable 
refractories. They reported that modulus of rupture is generally 
increased by increasing fibre amount. Lankard and Lease4 also 
reported that flexural strength increased with increasing fibre 
content. 
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rnFLUEN::E OF STEEL cx:Mia>ITICN CN THE P~ 
OF STEEL FIBRE REINFORCE) REFRACIDRY CXN::RETE 
10.1 INI'RCIXOICN 
Among the major items to consider when designing a steel fibre 
reinforced refractory concrete is the fibre comp::>sition. This is due 
to the fact that the steel fibre cost increases with the 
refractoriness and oxidation resistance required of the steel. It 
is obviously of interest to leam the effect of the type of steel on 
the behaviour of the castable subjected to flexural loads at test 
and room temperature. Therefore, part of the laboratory work was 
undertaken to leam the influence of fibre type on the performance 
of steel fibre-reinforced refractory concrete. 
Fibres made of two different types, AISI grade 310 (25% er, 20% Ni) 
and AISI grade 446 (23-27% Cr, 0% Ni) were used in this research. 
10.2 INFLUENCE OF AISI 310 GRADE ON FIRST-CRACK AND ULTIMATE 
FLEXURAL S'l'RElGI'H 
Generally, AISI 310 fibre type caused flexural strength to increase 
with increasing aspect ratio (Figure 8.1), and with fibre length at 
constant aspect ratio (Figure 8.5); whilst increasing fibre 
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diameter caused a decrease in flexural strength over the range of 
diameters investigated (Figure 8.6 ). On the other hand, first-crack 
strength was less affected by fibre parameters such as fibre aspect 
ratios (Figure 8.2). 
For the AISI 310 fibres, flexural strength increased with increasing 
fibre content. The rate of increase with 310/35 mm and 310/50 mm 
long fibres was remarkably high beyond a fibre content of about 4.5% 
(see Figures 9.1, 9.2 and 9.3). First-crack strength was less 
affected by increasing fibre amounts than was the ultimate flexural 
strength (Section 9.2). The improvements in flexural s trength 
brought about by the inclusion of this type were significant. For 
instance, at 5% fibre content and around an aspect ratio of 55, the 
increase in cold and hot flexural strength was around 60% and 80% 
respectvely, over the plain refractory flexural strength. 
Lankard et a11 have investigated the effect of steel type on the 
performance of steel fibre reinforced refractory concrete. They 
PQinted out that the ultimate flexural strength of the castable was 
improved throughout by the use of AISI 310 fibre type. The use of 
fibre at 2% by volume, as they refX)rted, resulted in an increase of 
80 to 120% in the ultimate flexural strength of the castable after 
being fired up to and including 109s0C. They reported also that the 
presence of the fibres was detrimental to the flexural strength of 
the castable heated at 1370°C and 1650°C due to the degradation of 
the steel and its reaction with the castable at these temperatures. 
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Austin2 has also reported that the 310/25 showed inc reases of 41% 
over the plain matrix flexural strength at 7% by weight and that the 
AISI 310 type consistently produced cycled flexural strength above 
the fired MOR. 
10.3 JNFLtJEN:E OF AISI 310 GRADE CN 'l'CU:.HNESS INDEX 
The two toughness indices, r 10 and r 30, have been plotted against 
fibre aspect ratio (Figures 8.8 a nd 8.9), fibre l ength at constant 
aspect ratio (Figures 8.12 and 8. 13), fibre diameter (Figures 8 .14 
and 8.15) and f ibre cont ent (Figures 9.7 to 9.12) . 
As can be seen from these figures , AISI 310 fibre type caused both 
hot and cold t oughness indices (r10 and r 30) to increase with 
increasing fibre aspect ratio, fibre length at constant aspect ratio 
and fibre content. However a reduction in bOth ho t and cold 
toughness indices was observed with increasing fibre diamet er. 
Austin2 has also reported that AISI 310 grade fibres caused the 
toughness index to increase six times the toughness of the plain 
refractory at 7% by weight. 
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10.4 INFLUENCE OF AISI 446 ON FIRST-CRACK AND ULTIMATE FLEXURAL 
S'I'RE1VI'H 
Five mixes containing 5% by weight of fibres ranging from 0.38 mm to 
0. 72 mm in diameter and from 37 to 66 in aspect ratio (see Table 
6.4), were used to study the influence of AISI 446 grade stainless 
steel melt extract fibres on the comp:Jsite's strength. 
Hot and cold first-crack and u1 timate flexural strength results are 
plotted against aspect ratio (Figures 8.2 and 8.4) and fibre 
diameters (Figure 8.7). 
It can be seen that this type of fibre caused flexural strength to 
increase as fibre aspect ratio increased. The rate of increase 
became higher at an aspect ratio of 60. The existing aspect ratio 
of this fibre type is limited at 66. Therefore no suggestion can be 
made beyond this aspect ratio. 
Increase in fibre diameter caused a slight decrease in ooth rot and 
cold flexural strength. First-crack strength, rowever, appears to 
be unaffected up to an aspect ratio of 50 where cold first-crack 
strength increased, while the rot one decreased. 
235 
10. 5 IN.FU.JE'1rn OF AISI 446 CN 'lUGlNESS INDEX 
The effect of AISI 446 fibre type on toughness index has been 
established. The relationships between toughness indices, r 10 and 
r30, and aspect ratio are sh::>wn in Figures 8.10 and 8.11 whilst the 
relationship between fibre diameter and toughness indices, r10 and 
r 30 are shown in Figures 8.16 and 8.17. 
Generally, it can be said that AISI 446 fibre type caused both hot 
and cold toughness indices, r10 and r 30, to increase with increasing 
fibre aspect ratio up to an aspect ratio of 60 where the rate of 
increase became smaller. Increase in fibre diameter caused the 
toughness index to reduce. 
10. 6 a:MPARISCN B~ AISI 310 AND AISI 446 FIBRE 
First-crack strength, ultimate strength and toughness index results 
obtained using AISI 446 fibre type are derived from only five 
different mixes, the work on AISI 446 fibres forming a s maller part 
of this r esearch. Despite this fact, several conclusions can be made 
by comparing the performance of the two fibre types used in the 
work. 
COld first-crack strength of mixes containing ME310 fibres was much 
greater than the ones containing ME446 fibres (Figure 10.1 ). 
However in contrast to cold first-crack strength, the hot first-
crack strength of the mixes containing ME310 fibres was less than 
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the ones oontaining ME446 (Figure 10.2). On the other hand, fibres 
from 446 grade seem to perform well up to an aspect ratio around 55. 
However, fibres of grade 310 can apparently be considered mre 
effective at high aspect ratios. 
Generally, the AISI 310 grade gave a better performance in flexural 
strength and toughness indices over the AISI 446 grade (Figures 10.3 
and 10.4). It i s important to mention here that AISI 446 grade 
which oontains 23- 27% er, and 0% Ni has less strength than AISI 310. 
Therefore, results obtained here can confirm the importance of 
nickel content on the alloy composition of fibres used at high 
temperature . 
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This research has shown that the addition of stainless steel melt 
extract fibres provides =nsiderable improvements in both hot and 
=ld material strengths. From the results obtained throughout this 
investigation, the following conclusions are drawn. 
11.2 PHYSICAL PROPERI'IES OF MELT EXTRliCl' FIBRES 
11.2.1 The average fibre density f f of the AISI grade 310 (25% Cr, 
20% Ni), stainless steel fibres used in this investigation 
was 7.89 g;cm3• 
11.3 MIXnG AND FIBRE DISTRIEilJI'ICN 
11.3.1 A liner-cum-flow mixer proved satisfacto:ry for mixing the 
melt extract stainless steel fibre refracto:ry =ncrete. 
11.3.2 At up to 8% by weight of dry material, fibres can be 
dispersed into the d:ry material by tipping them in bulk on 
top of this material and mixing for one minute. 
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11.4 PRELlMINARY TESTS 
11.4.1 The construction of a simple insulating box allowed flexural 
tests to be carried out at temperature in a standard testing 
machine without _:x~:ssi ve heat loss during ,!<lsting. 
Typically, the hot temperature of a dummy test specimen 
decreased from 12CXPc to 960°C and 870°C at 5 and 10 minutes 
respectively; the mid beam temperature decreased from 780°C 
to 700°C at 10 minutes. 
11.4:2. A regime of 40 cycles, each cycle consisting of 40 minutes 
heating and 20 minutes cooling, was selected as producing 
sufficient detrimental effect to the material strength. 
11. 5 TEST ME:lHDS 
11.5.1 Test methods reported here have attempted to measure the 
spalling resistance of a steel fibre refractory concrete 
that had been subjected to cyclic heating. 
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11.5.2.. Cold testing overestimates flexural strength by about 18% 
and underestimates toughness strength by about 16%. 
11.5;.3 Cold tests produced similar shaped relationships between 
performance (flexural strength and toughness index) and 
fibre geometry, fibre content and steel type to those 
obtained from rot tests.', If further hot testing at 
different ,temperatures reveals similar shaped 
I 
relationships it seems reasonable to develop 
appropriate room temperature tests on oondi tioned specimens 
which are sensitive to fibre size, fibre content and the 
properties of the refractory matrix. 
11.6 INFLtJEN:E OF FIBRE GEI:METRY 
11.6.1 Fibre aspect ratio had little influence on hot and cold 
first-crack strength, whilst cold first-crack strength 
slightly increased with increasing fibre aspect ratio, rot 
first-crack strength was slightly reduceCL 
11.6.2 'Ihe ultimate flexural strength, at both test temperatures, 
in=eased with increasing fibre aspect ratio until, beyond 
an aspect ratio of 70, difficulties of mixing and placing of 
the material affected the increasing trend. However, at an 
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aspect ratio of 108, the AISI grade fibres show an increase 
of 83% and 73% in =ld and hot strength respectively, over 
the plain matrix's flexural strength. 
11.6.3 For flexural strengthening, an aspect ratio of 60 would 
appear to be a good choice. 
11.6.4 The ultimate flexural strength, at both test temperatures, 
increased with increasing fibre length at =nstant aspect 
ratio. Typically, the percentages of increase in cold 
flexural strength over the plain flexural strength were 24%, 
40% and 25% with 25 mm, 35 mm and 50 mm fibre length 
respectively, whilst these percentages of increase in hot 
flexural strength were 30%, 47% and 22% with 25 mm, 35 mm 
and 50 mm fibre length respectively. The decrease 
en=untered at high fibre length may be due to the mixing 
and placing problems. 
11.6.5 Increase in fibre diameter caused the ultimate flexural 
strength to decrease. An equivalent fibre diameter between 
0.5 mm and 0.6 mm appears a good choice. 
11.6.6 The toughness indices, r 10 and r 30, obtained at both test 
temperatures were strongly dependent on the fibre geometry. 
11.6. 7 The hot and =ld toughness indices, r 10 and r 30, increased 
with increasing aspect ratio, fibre length at constant 
aspect ratio, and with decreasing fibre diameter. However, 
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at high aspect ratio as well as high fibre length the 
increase became less significant. 
11.6.8 If improvements in toughness are taken to be a good 
indicator of refractory spalling resistance, the results 
suggest that a fibre aspect ratio of around 80 is the most 
appropriate for toughness performance with an equivalent 
fibre diameter of 0.5 mm. 
11.6.9 Typically, hot toughness index, r10 values were about 10, 12 
and 15 at aspect ratios of 20, 50 and 70 respectively, 
whilst the cold ones were 16-18% less. 
11.6.10 Hot toughness index, r30, values ranged between 20 and 40 as 
fibre aspect ratio varied from 40 up to 70, but the increase 
became small after the aspect ratio exceeded 70. Similar 
behaviour was also observed with the cold toughness index, 
13o· 
11.7 INFliJEN:E OF FIBRE a:Nl'ENI' 
11. 7.1 The increase in both hot and cold flexural strength with the 
310/25 mm fibres was linear over the 8% fibre content range 
investigated. 
11.7.2 For the two other fibre lengths, 310/35 mm and 310/50 mm a 
two stage linear relationship between fibre content and 
flexural strength was observed. This two-stage behaviour is 
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similar to that predicted by a composite material theory 
approach. 
11.7 .3 Typically at 8% fibre content, cold flexural strength 
increases were 70%, 80% and 135% for 310/25, 310/35 and 
310/50 mm fibres respectively, whilst these increases were 
100%, 118% and 130% in hot flexural strength. 
11.7 .4 First-crack strength, at both test temperatures, slightly 
increased with increasing fibre content. 
11.7.5 Both hot and cold toughness indices r 10 and r 30 increased 
with increasing fibre content (Figures 9.7 to 9.12). 
11.7.6 The lowest increase in the r10 toughness index was observed 
with the 310/25 mm long fibres, whilst the 310/35 mm long 
fibres produced the highest increase in the r10 cold and hot 
toughness indices over the range of fibre contents 
investigated. 
11.7.7 The increase in r 10 index with the 310/50 mm fibre (which 
was expected to be the most effective) was less than that 
observed with the 310/35 mm. This can be attributed to the 
mixing and placing problems which arose with high fibre 
lengths. 
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11.7 .8 Beyond about 3% by weight, the r30 toughness indices of the 
310/50 mm long fibre mixes increased more rapidly than the 
310/35 mm mixes, showing the former to be the most 
effective. 
11.8 INFI.1JEN:l> OF FIBRE TYPE 
11.8.1 Both AISI 446 and AISI 310 fibres caused flexural strength 
and toughness index to increase with increasing fibre aspect 
ratio. 
11.8.2 AISI 446 fibres performed well up to an aspect ratio around 
55, whilst AISI 310 fibres were more effective at higher 
aspect ratio. 
11.9 ~TIClllS 
11.9.1 Since mixing of long fibres, especially·those which have 
high aspect ratios (> 80), was a major problem enoountered 
in this research, further investigation is recommended to 
attempt to reduce the mixing and placing problems. 
11.9.2 The effect of mixtures of fibres with different aspect 
ratios (short and long fibres together) on the performance 
of refractory ooncrete should be investigated. 
11.9.3 The effect of fibre parameters on the performance of 
refractory concrete at different temperatures should be 
investigated. 
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ABSTRACT 
Steel fibres are commonly used in the refractory industry to reinforce 
high temperature concretes. Little information is available on the effect 
of fibre geometry on refractory performance and in particular resistance to 
thermal shock. Eleven different melt extract fibre geometries were investi-
gated, with fibre lengths of lOmm, 25mm and 50mm, and aspect ratios varying 
from 14 to 108. Beam specimens made from a proprietary dense hydraulically 
bonded castable, reinforced with 5% by weight of steel fibre, were cyclical-
ly heated and cooled on one face in a specially designed spalling furnace 
to condition them in a simulated service environment. Flexural tests were 
conducted at ser•ice and room temperatures to obtain flexural strengths and 
toughness indice~. The relationships between fibre geometry (length, cross-
section and aspect ratio) and both strength and toughness ate discussed. 
INTRODUCTION 
Stainless steel fibres have already proved very successful in the iron 
and steel, non-ferrous, petrochemical and rock products industries by pro-
longing the service life of refractory concretes (1, 2, 3). Melt extract, 
drawn wire and slit sheet steel fibre types have been used to reinforce 
cast, sprayed and moulded concretes. The melt extract fibre is currently 
best suited to the refractory market because of the range of alloy com-
positions available and its relatively low cost compared with those pro-
duced from wire or sheet materials. 
There is still, however, very little published information available 
on the selection of the most appropriate steel alloy composition, fibre 
geometry and fibre content for specific applications (4, 5, 6). Suppliers 
and users of fibre reinforced refractories have found, within the relatively 
short life span of these materials, that the 'standard' fibre sizes and 
grades are cost effective and little effort has been put into optimizing the 
composite's performance. The industry is also naturally secretive abcut in-
formation that it has obtained in the field. 
The lack of test data can further be attributed to the absence of suit-
able standard test methods for fibre reinforced monolithic refractories. 
Even the standards for unreinforced refractory concrete are in many cases 
still related to those for refractory brick (7, 8). This problem has been 
addressed by Wooldridge and Easton (9) who proposed that specimens must be 
realistically conditioned before testing by cyclic heating and cooling on 
one face, to cause spalling by a fluctuating thermal gradient similar to 
that found in service. They tested their conditioned specimens in flexure 
at room temperature to obtain a modulus of rupture. Austin and Robins 
(10, 11) experimented further with cyclic conditioning and suggested that a 
toughness parameter was a more meaningful measure of refractory performance 
than flexural strength; they determined toughness indices from a room tem-
perature flexure test, in addition to flexural strengths. Lankard (4) 
argued that flexure specimens should be tested at service temperature but 
did not condition specimens by cyclic heating. 
The main aim of the present study is to investigate the influence of 
the geometry of AISI 310 grade stainless steel melt extract fibres on the 
performance of a proprietary 1300°C medium duty calcium aluminate bcnded 
castable. The work also examines whether it is necessary to obtain flexural 
and toughness measurements at temperature in order to properly evaluate the 
performance of fibre reinforced refractories or whether it is possible to 
obtain meaningful results from a much simpler room temperature test. 
MATERIALS 
Refractory Concrete 
A general duty dense refractory castable, 'Pinnacast 1400', was used 
throughout the test programme. This is a proprietary hydraulically bcnded 
material containing 37% alumina with a maximum service temperature of 
1400°C. The water content of each of the twelve mixes was approximately 
14% by weight of dry material. 
Steel Fibres 
The'investigation of the effects of varying fibre geometry was made 
possible by the manufacture of eleven different fibre sizes by Fibre 
Technology Ltd. This was achieved using 3 melt extraction wheels to produce 
fibre lengths of lOmm, 25mm and SOmm, and by machining the angle of the vee 
shaped edges to vary the kidney-shaped fibre cross-section. 
The fibre length lf• equivalent semi-circular diameter ds, aspect ratio 
lf/ds and mean fibre weight mf for each of the eleven fibre geometries is 
given in Table 1. 
The equivalent semi-circular diameter was used as it had previously 
been found (10) to be the best approximation of the geometry of the kidney 
shape cross-section of the melt fibres. Values of ds were obtained from 
specific gravity determinations on samples of each fibre type, where 
ds = ~ ( 1) 
The average fibre density Pf of the AISI grade 310 (25% er, 20% Ni) 
stainless steel fibres was 7,890 kg/m'. 
The fibre content of all the mixes was kept constant at 5% by weight 
of dry castable. 
TABLE 1 
Fibre geometry 
Fibre type Fibre length Mean equivalent Mean aspect Mean fibre 
and lf diameter ds ratio lf/ds weight mf 
mix no. (mm) (mm) (mg) 
1 10 0.74 14 17 
2 10 0.59 17 11 
3 10 0.55 19 10 
4 25 0. 72 34 39 
5 25 0.53 47 22 
6 25 0.52 48 20 
7 25 0.48 52 16 
8 50 0.87 56 117 
9 50 0.65 76 65 
10 50 0.56 89 48 
11 50 0.46 108 33 
SPECIMEN PREPARATION AND CONDITIONING 
Mixing, casting and Curing 
A total of one plain and eleven fibre reinforced mixes were prepared. 
Materials were mixed in a forced action concrete mixer and workability 
monitored by the ball-in-hand method described in ASTM C860-77 (12). Four 
63.5mm x 63.5mm x 406mm beams were cast from each mix. The beams were cast 
in steel moulds and compacted on a vibrating table. Lifting handles were 
cast into the top surface of the beams to facilitate removal of the hot 
specimens from the spalling furnace into the insulated box prior to testing. 
Specimens were placed under a plastic sheet membrane for 24 hours. 
After stripping, the specimens were oven dried at ll0°C to constant weight. 
Conditioning of Specimens 
If tests are to give a useful measure of refractory performance the 
specimens must also be subjected to some form of simulated service con-
ditions before destructive testing. Standard spalling tests for plain 
refractory concrete are unrealistic because of the uniform heating regime 
and the common use of a water quench as part of the heating/cooling cycle. 
In addition they generally specify the measurement of weight loss of small 
prisms which is unsuitable for fibre refractories because the fibres hold 
the cracked matrix material together. 
The approach taken by the authors in this and a previous test programme 
(11) was to combine the need for simulated service conditioning of test 
specimens with the measurement of a toughness property of the steel fibre 
refractory concrete. The existing beam cycling furnace was modified to 
allow automated cyclic heating and cooling of four beam specimens to a pre-
set heating and cooling regime prior to flexural and toughness testing. 
Spalling Resistance Test Method 
Beams were cyclically heated in the purpose built spalling furnace 
designed to be able to heat four 406mm x 63.5mm x 63.5mm beams on one face 
to temperatures up to 1600°C. This was achieved by stacking the beams 
vertically in a sliding door which would allow them to be moved aside for 
cooling, whilst a blanking piece prevented serious heat loss from the 
furnace (Figures 1 and 2) . 
The beams were placed in the spalling furnace and raised from ll0°C to 
1100°C over a 6 hour period and then soaked at this test temperature for 18 
Figure 1. Beam spalling furnace, showing specimens 
in heating cycle position. 
Figure 2. Beam spalling furnace, cooling cycle position. 
hours. This firing rate is well within that specified in BS 1902 (7) of a 
maximum 300°C/hour heating rate and a 3 hour soak. 
Immediately after the 18 hour soak, automated cycling of the beams 
between the spalling furnace and the cooling fan commenced. The four 
beams in the sliding door of the furnace were alternately heated at 1095°C 
for 40 minutes and then cooled by the fan for 20 minutes. All the beams 
were cycled 40 times. 
TESTING OF SPECIMENS 
At the end of the cycling period the specimens were held at the test 
temperature and subsequently removed one by one for testing at temperature. 
Each beam was placed in an insulated box designed to allow the hot specimen 
to be tested in flexure using centre-point loading. Specimens were tested 
with their hot face vertical over a span of 178mm in accordance with 
BS 1902 (7), ASTM Cl33-77 (8) and PRE recommendations R.21 (13) to deter-
mine their flexural strength and toughness. Tests were carried out using 
an Instron 6025 (100 kN capacity) screw driven testing machine operated 
under displacement control at a test speed of 0.25 mm/min; the total time 
for a flexural test being approximately 10 minutes. 
A dummy test specimen was instrumented with thermocouples positioned 
at the hot face, middle, and cold face of the beam to determine the change 
in temperature profile during the test period in the insulated box, 
following transfer from the spalling furnace. Typically, whilst the hot 
face temperature reduced from 1200°C to 960°C and 870°C at 5 and 10 
minutes, respectively, the mid-beam temperature reduced from 780°C to 
700°C at 10 minutes. 
The four specimens from each mix were first tested hot, and sub-
sequently one half of each broken beam was tested at room temperature the· 
following day. All flexural strength and toughness results quoted in the 
paper therefore represent an average of four test values. 
FLEXURAL STRENGTH 
The relationship between peak flexural strength and fibre aspect ratio 
is shown in Figure 3. Both hot and cold strengths increased with aspect 
ratio, the hot strengths being around 18% less than the cold. However, 
the improvement in flexural strength above an aspect ratio of around 60 is 
small. The strength/aspect ratio relationship does not appear to have been 
influenced by fibre length. 
First-crack flexural strengths were also determined. The cold first-
crack strength was not significantly affected by aspect ratio; this is in 
accordance with composite materials theory. It is of interest to note 
that a linear-elastic fracture mechanics approach would predict increasing 
strength with decreasing fibre spacing (i.e. increasing aspect ratio) at 
constant fibre volume. In contrast to the cold strength, the hot first-
crack strength decreased slightly with increasing aspect ratio. 
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Figure 3. Influence of aspect ratio on peak flexural strength 
TOUGHNESS 
The authors have previously argued (11) that a toughness parameter is 
a more appropriate measure of spalling resistance than flexural strength. 
In this investigation two toughness indices (I 10 , I 30 ) were calculated from 
the beam flexural load/deflection curve using a similar procedure to that 
described in ASTM Cl018-85 (14). The I 10 and I 30 toughness values are 
plotted against aspect ratio i? Figures 4 and 5. 
In contrast with flexural strength, where as expected hot strength is 
below cold strength, the hot toughness values are greater than the cold 
ones. These higher toughness values may either be a result of the lower 
hot first-crack strength and modulus or of improved fibre/matrix bond at 
temperature. All beams failed by fibre pull-out rather than fibre breakage. 
Both Figures 4 and 5 show toughness increasing with aspect ratio, the 
increases becoming smaller at higher aspect ratios. Again there is no 
discernible fibre length effect, all points lying around the same toughness; 
aspect ratio curve. It might be expected that a critical aspect ratio will 
eventually be reached, beyond which fibres begin to fracture and toughness 
index reduces. There is a suggestion in Figures 4 and 5 that this critical 
ratio may almost have been reached in the cold flexural tests. 
20,----------------------------------, 
• 
0 
0 ..- 15 
• ~ 
X 
Q) 0 0 
-o 
.!; 10 (/) 
(/) 
Q) 
c 
..c 
0> 
:J 5 ~ Legend 
0 Cold toughness 
• Hot toughness 
0 
0 20 40 60 80 100 120 
Aspect ratio 
Figure 4. Relationship between I 10 toughness index and aspect ratio 
60~--------------------------------~ 
0 
tr) 
~ 40 
~ 
-o 
• !; 
(/) 
(/) 
Q) 
..E 20 
0> 
:J 
~ 
• 0 
• 
0 
Legend 
• Hot toughness 
0 Cold toughness 0~----~--~----------~~~~~~ 
0 20 40 60 80 100 120 
Aspect ratio 
Figure 5. Relationship between I,, tougr~ess index and aspect ratio 
The I,, toughness index is also plotted in Figure 6 against equivalent 
fibre diameter for the three fibre lengths. This gives another perspective 
on the influence of fibre geometry, toughness increasing with reducing 
fibre diameter (over the range investigated) . 
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CONCLUSIONS 
The construction of a simple insulating box allowed flexural tests to 
be carried out at temperature in a standard testing machine. Whilst test-
ing hot is a better model of service conditions, testing at room temperature 
after cyclic conditioning is clearly easier. Cold testing overestimates 
flexural strength and underestimates toughness, but the relationships with 
aspect ratio are similar to those at temperature. 
Flexural strength and toughness increased with aspect ratio at both 
test temperatures. For flexural strengthening, an aspect ratio of around 
60 would appear to be a sensible choice. However, if improvements in tough-
ness are taken to be a better indicator of refractory spalling resistance, 
the results suggest that a fibre aspect ratio of around 80 is more 
appropriate. Above these aspect ratios the improvements in performance are 
small and the likelihood of problems in mixing and placing increases. 
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